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Thesis directed by Professor Jessica K. Tyler. 
ABSTRACT 
Histones are the fundamental protein subunit of chromatin and have a 
profound impact on processes such as chromatin assembly/disassembly and 
diseases such as aging.  I examined the functional importance of mutating the 
histone H4 C-terminal tail, which is normally involved in chromatin assembly and 
disassembly by studying the in vivo and in vitro consequences of mutating a 
critical residue, histone H4 gycine 94 to a proline residue (H4 G94P) in budding 
yeast.   Substitution of the gycine residue for a proline was used to restrict the 
conformational flexibility of the C-terminal tail of histone H4.  The H4 C-terminal 
tail makes direct contacts with the histone chaperone Anti-silencing function 1 
(Asf1) and undergoes a dramatic 180° conformational change in the opposite 
direction of the contacts it makes with histones in the nucleosome.  I found that in 
addition to the role the H4 C-terminal tail has in chromatin assembly, it also has 
additional roles in maintaining octamer and nucleosome stability as well as yeast 
viability. 
The loss of chromatin integrity and the histone density play an important 
role in the aging process.  A more open chromatin structure during aging is 
caused by the loss of histone density from the DNA in yeast.  I examined whether 
there was increased genomic instability during replicative aging as well as the 
	  
	   iv 
types of damage that might contribute to the aging process.  I found that the DNA 
damage checkpoint was activated during aging and that most of the damage 
detected via γ-H2A ChIP-sequencing, accumulates at the rDNA locus and the 
mitochondria during replicative aging.  Additionally, I found that Ty 
retrotransposons, which are normally silenced by chromatin have increased 
transcription and increased Ty genomic DNA during aging.  The increase in Ty 
gene transcription and genomic DNA coincided with an increase in Ty 
retrotransposition, which contributes to genomic instability during aging.   In 
summary, genomic instability increases during replicative aging and is mediated 
in part via the integration of Ty retrotansposons, which are normally silenced by 
chromatin. 
 The form and content of this abstract are approved.  I recommend its 
publication.  
        Approved: Jessica Tyler 
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CHAPTER I 
INTRODUCTION 
Introduction to Chromatin 
The genomic DNA of eukaryotic cells is organized and packaged by 
histone proteins into a compact structure known as chromatin.  Two copies of 
each core histone H2A, H2B, H3, and H4 (Kornberg 1974) comprise the basic 
repeating unit of chromatin, the nucleosome, which consists of ~145-147 base 
pairs of DNA wrapped 1.75 helical turns around each histone octamer (Figure 1.1) 
(Luger et al 1997).  Each nucleosomal particle is separated by short 10-80 base 
pair stretches of linker DNA.  Arrays of nucleosomes that resemble “beads on a 
string” (Olins & Olins 1974) represent the primary packing level, while further 
condensation results in a more repressive 30 nm fiber, representing the 
secondary level of packing.  The 30nm fiber is stabilized through the binding of 
histone H1 to linker DNA between nucleosomes (Bednar et al 1998) and is 
composed of oligonucleosomes arranged into solenoid and zigzag helical folding 
patterns.  Both models have been shown to exist within the same chromatin fiber 
(Grigoryev et al 2009) and assist in the highest level of packaging genetic 
information into interphase chromosome structures. The solenoid model of 
chromatin folding consists of a single helix of 6 to 8 nucleosomes
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Figure 1.1. Organization of Chromatin in the Cell.  Illustration of chromatin 
condensation in the cell and higher-ordered chromatin structure.  Long strands, 
approximately 147 bp of DNA 2nm in diameter wrap around a histone octamer.  
Each nucleosome consists of 4 core histones  (H2A, H2B, H3, and H4) and are 
connected by the linker histone H1 to create “beads on a string”. Histone H1 
helps to further compact nucleosomes into 30-nm chromatin fibres that are 
further condensed into mitotic chromosome structures.  Figure cited from 
(Tonna et al 2010).  
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(Finch & Klug 1976) while the zigzag model consists of nucleosomes arranged 
within two double helices (Dorigo et al 2004).   
Although budding yeast lack a definitive histone H1 gene, a gene encoded 
by a putative histone H1 [One] HHO1 gene (Landsman 1996) has been reported 
to share sequence homology with other linker histones and interact with 
nucleosomes to promote a repressive heterochromatin structure.  The two main 
types of chromatin are heterochromatin and euchromatin.  Heterochromatin is 
generally more repressive and found at genomic regions that are highly 
condensed and transcriptionally silent, such as the mating-type locus, telomere 
ends, and rDNA repeats in budding yeast.  In contrast, euchromatic regions are 
more accessible, have less condensed chromatin, and are more highly 
transcribed.  The highly organized and dynamic nature of chromatin via these 
two domains regulates cellular processes like DNA replication, DNA repair, and 
transcription (Ransom et al 2010).  However, before these genomic processes 
are initiated, the chromatin must first be remodeled via the disassembly of 
chromatin. 
Chromatin Assembly during DNA Replication 
 Chromatin assembly is a step-wise process mediated by histone 
chaperones and ATP dependent chromatin remodeling complexes that prevent 
the non-specific interactions between histones and DNA (Andrews et al 2010) 
and escort the histones to sites of actively replicating, repairing, and transcribing 
regions.  Upon DNA replication, DNA is rapidly reassembled into chromatin, and 
half of the histones deposited onto DNA during replication are parental and half 
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are newly-synthesized.  The process of chromatin assembly involves the initial 
step of depositing two histone H3/H4 dimers (Worcel et al 1978)  to form a 
tetramer onto DNA followed by a second major step involving the deposition of 
two H2A/H2B dimers to form the complete nucleosomal unit (Figure 1.2). The 
first step involved in chromatin assembly in budding yeast requires cooperation 
between the histone chaperones Anti-silencing function 1 (Asf1) and Chromatin 
assembly factor 1 (CAF-1) to deposit newly synthesized histones H3 and H4 
onto DNA as tetramers following replication.  Genome-wide analysis of the 
parental replicative histone variant H3.1 and H4 in mammalian cells show that 
these complexes do not split but deposit as tetramers (Xu et al 2010). However, 
in contrast during replication-independent histone assembly, the histone variant 
H3.3 and H4 complexes split and are incorporated into chromatin as 
heterodimers (Xu et al 2010).  Histone H3.3 is the replication independent 
histone variant that most resembles yeast H3 and is expressed throughout the 
cell cycle, while histone H3.1 is the replication-dependent histone variant 
expressed only during DNA synthesis.  
  One of the first histone chaperones to bind H3/H4 dimers in human cells is 
NASP (nuclear autoantigenic sperm protein), followed by diacetylation on H4 K5 
and K12 by the histone acetyl transferase RbAp46-HAT1 (Campos et al 2010).  
In yeast, Hif1 serves the role as NASP and Hat1 and Hat2 diacetylate H4 at K5 
and K12 before presumably donating histones to the next histone chaperone, 
Asf1 (Campos et al 2010).  Asf1 binds H3/H4 dimers (Patterton et al 1998) and 
donates newly-synthesized histones to CAF-1 (p150) and Rtt106 at sites of DNA 
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replication until the subsequently assembly of H3/H4 tetramers onto DNA (Liu et 
al 2012, Winkler et al 2012) (Figure 1.2).  Rtt106 is also an H3-H4 histone 
chaperone and has a partially redundant role with CAF-1 during DNA replication 
(Li et al 2008). The affinity of CAF-1 for H3/H4 dimers is enhanced by the post-
translational histone modification H3 K56 acetylation (Li et al 2008) in vivo and in 




















Figure 1.2. Chromatin Assembly and Disassembly of Nucleosome Core 
Particle.  Illustration of chromatin assembly (green arrows) and chromatin 
disassembly (red arrows).  H3/H4 tetramers ((H3-H4)2) are shown in blue and 
green and H2A-H2B dimers are shown in yellow and red.  The first step in 
chromatin assembly involves the deposition of two H3-H4 dimers onto DNA to 
form the tetrasome.  The addition of one H2A-H2B dimers forms the hexasome, 
followed by addition of a second H2A-H2B dimer for form the complete 
nucleosome core particle.  Similarly, nucleosome disassembly involves the 
reversal of this process with the removal of two H2A-H2B dimers, followed by 
loss of the (H3-H4)2  from DNA.  Each step in the chromatin 
assembly/disassembly pathway involves the addition or removal of histones by a 
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between H3-H4 and Rtt106 in vivo (Zunder et al 2012).  CAF-1 itself localizes to 
sites of DNA replication via its interaction with the proliferating cell nuclear 
antigen (PCNA) (Shibahara & Stillman 1999) (Figure 1.3).  Further evidence 
supporting CAF-1 binding histones H3/H4 downstream of ASF1 is the strong 
binding affinity of Asf1-H3/H4 (KD ~ 2.5 nM) as compared to CAF-1 for H3/H4, 
which is reported to have about a 2 fold weaker affinity (Liu et al 2012).  However, 
H3/H4 bound to Asf1 appears to stabilize the interaction between Asf1 and the 
Cac2 subunit within the CAF-1 complex (Liu et al 2012), which may be relevant 
for the hand off of histones from Asf1 to CAF-1.  Following the assembly of the 
tetrasome, two H2A-H2B dimers are deposited onto DNA to form the complete 
histone octamer.   Although it has not been shown in vivo, the deposition of H2A-
H2B is likely to be mediated by the histone chaperones Nap1 and/or FACT, 
which can assemble H2A-H2B dimers in vitro (Belotserkovskaya et al 2003, Ito et 
al 1997). 
The H3/H4 Histone Chaperone Asf1 
 ASF1 was initially characterized in Saccharyomyces cerevisiae as a gene 
that causes derepression of chromatin at the silent-mating type loci and telomeric 
regions when overexpressed (Le et al 1997, Singer et al 1998).  Asf1 is a highly 
conserved acidic protein and is both structurally and functionally conserved 
across eukaryotic species (Mello et al 2002).  Although Asf1 is not essential in 
budding yeast, it is essential in higher eukaryotes for cell viability and chromatin 
assembly and is transcribed during late G1 phase of the cell cycle prior to histone 
synthesis (Le et al 1997, Sanematsu et al 2006).  While budding yeast have a
	  










Incorporation of the parental 
pattern of histone modifications
onto the new histones
Sequence 


































Figure 1.3. DNA Replication-dependent Chromatin Assembly Mediated by 
the Histone Chaperones Asf1 and CAF-1.  Illustration of chromatin assembly 
of newly synthesized histones at the replication fork.  Ac refers to H3 K56ac by 
the Rtt109 HAT enzyme. Chromatin disassembly is mediated ahead of the DNA 
replication fork, while chromatin assembly is mediated behind the fork by the 
histone chaperones Asf1, CAF-1 and Rtt106.  This image is cited from 
(Dennehey & Tyler 2014).  
 
single isoform of Asf1, higher eukaryotes have two Asf1 isoforms referred to as 
Asf1a and Asf1b, which differ mainly in amino acid sequences in their C-terminal 
tails (Sillje & Nigg 2001).  As such, Asf1 contributes to a variety of protein-protein 
interactions that are critical to the chromatin assembly pathway.  The C-terminal 
tail of Asf1 binds Rad53 (Jiao et al 2012) and histone H3/H4 dimers (Dennehey 
et al 2013, Tamburini et al 2006).  In contrast, the N-terminus of Asf1 binds 
directly to the C-terminus of the cac2 subunit of CAF-1 and to histones H3 and 
H4 (English et al 2006, Malay et al 2008). 
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 Asf1 is a highly conserved H3/H4 specific histone chaperone that is 
involved in coordinating the deposition (Tyler et al 1999) and removal of histones 
(Adkins & Tyler 2004) from chromatin with assistance from histone chaperone 
complexes CAF-1 (Tyler et al 1999) and Histone Regulatory Homolog A (HIRA) 
(Green et al 2005).   The Asf1-H3/H4 (Figure 2.0A) complex is stabilized through 
weak non-covalent interactions that bind a single H3/H4 dimer through the H3 
interface that is involved in H3/H4 tetramerization (English et al 2006) during 
chromatin assembly.  The binding of Asf1 to H3/H4 dimers causes a structural 
change that occurs on the C-terminal tail of histone H4 causing the last 11 amino 
acids to extend 180° to form an anti-parallel β strand, which differs from the 
conformation of the H4 tail in the context of the nucleosome while interacting with 
histone H2A (Figure 2.0B) (Chavez et al 2012).  The role of the drastic 
conformational change in H4 upon binding to Asf1 is unknown, but will be 
addressed in Chapter II. 
The H3/H4 Histone Chaperone CAF-1 
 Chromatin Assembly Factor 1 (CAF-1) was identified as a multi-subunit 
protein in human extracts required for nucleosome assembly during SV40 DNA 
replication in vitro (Smith & Stillman 1989).  The three-subunit complex of CAF-1 
in mammalian cells, p150, p60, and p48 is highly conserved and encoded by the 
budding yeast homologs CAC1, CAC2, and CAC3 (Kaufman et al 1995, 
Kaufman et al 1997).  Although the yeast CAC genes are not essential for cell 
viability, both the human p150 and p60 subunits are essential for chromatin 
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assembly in vitro. However, only the p60 subunit of CAF-1 binds to Asf1 directly 
(Tyler et al 2001). 
 CAF-1 is a histone H3/H4 specific chaperone that binds newly synthesized 
histones.  As aforementioned Asf1 is not sufficient to assemble nucleosomes 
onto DNA, instead the Asf1-CAF-1 complex cooperates to assemble two copies 
of H3/H4 during DNA replication and repair (Mello et al 2002, Tyler et al 1999) 
(Figure 1.3). Although yeast H3/H4 dimers do not bind Cac2 directly in vitro (Li et 
al 2008), the interaction between Asf1 and CAF-1 is stabilized via Cac2 binding 
the Asf1-H3/H4 complex (Liu et al 2012).   In vitro, CAF-1 binds two H3/H4 
dimers but CAF-1 itself does not dimerize, suggesting a mechanism for CAF-1 
mediated assembly of H3/H4 tetramers from H3/H4 dimers transferred from Asf1 
(Liu et al 2012, Winkler et al 2012).  
H3 K56Ac Promotes Replication-dependent Chromatin Assembly 
 As the building blocks for chromatin, histones are also among the most 
evolutionarily conserved proteins in nature.  Within the nucleosome, the histone 
N-terminal tails protrude out (Luger et al 1997) and regulate the intrinsic 
properties of chromatin through post-translational modifications. Histones can be 
post-translationally modified via a variety of modifications such as acetylation of 
lysines (K) and methylations of lysines (K) and arginines (R), phosphorylation (P) 
of serines and threonines (T), ubiquitination and sumoylation of lysines 
(Kouzarides 2007).  These modifications can alter the charge of the histones and 
affect chromatin condensation by either opening or closing chromatin structure, 
making it more accessible or repressive to DNA binding proteins, respectively.  
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Most histone modifications occur on the amino-terminal or the carboxy-terminal 
domains.  However, unlike most post-translational modifications, acetylation of 
histone H3 lysine residue 56 (H3 K56Ac) does not occur on the N-terminal 
histone tail between the N-terminal tail and the histone-fold domain.   The histone 
fold domain is a highly conserved region near the C-terminus composed of three 
alpha helices separated by two unstructured loops (Arents & Moudrianakis 1995). 
H3 K56Ac is a post-translational mark that occurs on all newly synthesized 
histones produced during (S phase) DNA replication in yeast (Masumoto et al 
2005) and is important in promoting replication-dependent chromatin assembly 
by increasing the binding affinity of histone H3/H4 dimers for the histone 
chaperone CAF-1 both in vivo and in vitro (Li et al 2008) (Figure 1.3).  The H3/H4 
histone chaperone Asf1 is required to achieve acetylation of H3 K56 (Recht et al 
2006), which is catalyzed by the histone acetyl transferase (HAT) regulator of 
Ty1 transposition 109 gene (Rtt109) (Han et al 2007).  H3 K56Ac largely 
disappears by G2 phase of the cell cycle and in budding yeast is removed by the 
histone deacetylase enzymes (HDACs) Hst3 and Hst4 after incorporation of 
H3K56Ac following assembly (Maas et al 2006).  In addition to the importance 
that H3 K56Ac plays in mediating chromatin assembly via enhancing the binding 
affinity of H3/H4 dimers to CAF-1, H3 K56Ac also facilitates chromatin 
disassembly via breaking histone-DNA contacts that destabilize the nucleosome, 
forcing it to take on a loose chromatin structure during gene transcription at 
promoters and open reading frames (Williams et al 2008). 
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As the only HAT known to acetylate H3 K56 in S.cerevisiae, Rtt109 does 
not share any sequence homology with canonical HATs but contains a highly 
conserved glutamate residue 89 that is essential for H3 K56Ac (Marmorstein 
2004).   Structurally, Rtt109 is very similar to mammalian CPB/p300 (Wang et al 
2008).  Similar to H3 K56Ac, both H4 K12Ac and H4 K5Ac are markers of newly 
synthesized histones.  H4 K12Ac and H4 K5Ac are catalyzed by Histone Acetyl 
Transferase 1 (HAT1) in yeast.  However, unlike H3 K56Ac, H4 K12Ac and H4 
K5Ac are not involved in the association of histones with CAF1 and are not 
involved in the deposition of histones H3 and H4 onto newly-replicated DNA 
(Barman et al 2008). 
Replicative Aging in Budding Yeast 
There are two models for studying aging in budding yeast: Replicative 
aging and Chronological aging (Figure 1.2).  Replicative aging is a model of 
aging for mitotically dividing cells and is measured by the number of times a 
mother cell gives rise to a daughter cell before entering senescence.  Budding 
yeast divide a finite number of times and the median lifespan of a single mother 
cell is approximately 25 generations (Mortimer & Johnston 1959).  After each cell 
division, a daughter cell produced by a mother leaves behind a circular bud scar 
composed of chitin on the surface of mother cell from which it is produced 
(Bacon et al 1966, Barton 1950).  Daughter cells are rejuvenated and smaller 
than the mother yeast.   
During replicative cell division, buds left behind by a daughter cell serve as 
an aging blueprint.  Towards the end of the mother cells lifespan, the asymmetry 
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between mother and daughter cells deteriorates (Kennedy et al 1994). Old cells 
increase in cell size (Egilmez et al 1990, Lee et al 2012, Mortimer & Johnston 
1959) and develop a cell surface with a loose and wrinkled appearance that 
mimics cellular aging in higher eukaryotes (Pichova et al 1997).  Interestingly, the 
vacuole size of older cells increase with age and vary in morphology (tubular, 
fused or fragmented) (Lee et al 2012).  The ratio between the vacuole size and 
cell size has been correlated with increased autophagy activity (Madeo et al 
2010).  It was recently shown that populations of replicatively aged mother cells 
and daughters of old mothers exhibit heterogeneous morphologies that are 
spherical and ellipsoidal prior to cell death (Lee et al 2012).  Interestingly, it was 
observed that within the two heterogeneous morphologies that spherical cells die 
at a much younger age (~ 12 buds) as compared to ellipsoidal cells, which die 
with twice as many buds (23 buds) (Lee et al 2012).  Another aging phenotype 
common in older cells in diploid strain backgrounds is sterility due to the loss of 
transcriptional silencing at the mating-type locus (Smeal et al 1996).  The silent 
information regulator (SIR) maintains transcriptional silencing at the mating type 
locus in yeast, while deletion of SIR4, a component of this complex shortens 
yeast lifespan (Smeal et al 1996).  
Taking advantage of the asymmetry in budding yeast cell division, the 
most accurate method for measuring replicative lifespan in budding yeast 
involves manually removing virgin daughter cells from mothers using a tetrad 
dissection microscope.   Attempts to isolate old cells for biochemical analyses 
have been made using methods that include magnetic sorting using biotin cell 
	  































Figure 1.4. Models of Aging in Budding Yeast.  (A) Chronological aging as the 
model of aging for higher eukaryotic post-mitotic cells. (B) Replicative aging as 
the model of aging for higher eukaryotic mitotic cells. 
 
wall labeling and elutriation (Lesur & Campbell 2004, Lin et al 2001).  However, 
these methods have only been successful in isolating cells that are a median of 8 
and 15 generations old and they only isolate low numbers of cells. 
One advantage of using biotin labeling as an alternative to elutriation is that this 
method can be used to isolate a large number of cells (Smeal et al 1996).  
Another advantage of using biotin labeling is that only the surface of the mother 
cells is coated with biotin due to the cell wall of daughters made de novo.  Only 
after subsequent biotin purifications can the replicative age be measured via 
staining the cell wall with calcafluor and counting the number of bud scars per 
cell using immunofluorescence.   
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More recently, an efficient and inducible method of selection of mother 
cells known as the mother enrichment program (MEP) (Lindstrom & Gottschling 
2009) was developed using yeast molecular genetics to delete two essential 
genes via induction of estrogen receptor fused to the cre recombinase protein 
expressed under the daughter specific promoter SCW11.  SCW11 is transcribed 
upon binding of the Ace2 transcription factor.  Once transcribed, the cre fusion 
protein uses cre-lox recombination to delete the two essential genes, UBC9 and 
CDC20, which are required for mitotic cell cycle progression.  The loss of UBC9 
and CDC20 causes daughter cells to mitotically arrest, while mother cells 
continue to divide (Figure 1.5).  The MEP provides a powerful genetic system 
that allows isolation of a large number of old cells for studies into the 
mechanisms of replicative aging in a genetic and biochemical way that could 
previously not be addressed (Lindstrom et al 2011). 
Chronological Aging in Budding Yeast 
 Chronological aging is the second model of aging in budding yeast and it 
is a model of aging for higher eukaryotic post-mitotic cells (Figure 1.2A).   
Chronological lifespan is determined by the amount of time a cell can survive in a 
non-dividing or quiescent state (Fabrizio & Longo 2007).   Chronologically aged 
yeast cells are unbudded and measured in post-diauxic phase or in a non-
dividing state also referred to as stationary phase (Werner-Washburne et al 
1993).  Stationary phase is preceded by the diauxic shiff, in which all glucose or 
carbon source from the rich medium has been exhausted and the cells switch 
	  


























Figure 1.5. Model of Mother Enrichment Program.  Illustration of genetic 
system used to mitotically arrest mother cells using a Cre-lox mediated 
recombinase approach to delete two essential genes, UBC9 and CDC20 in 
daughter cells but not mother cells.  This technique provides a biochemical 
method to harvest a large quantity of replicatively aged yeast cells. 
 
from using fermentation to cellular respiration.  After the shift, the cells reach the 
post-diauxic phase, which is characterized by lower metabolic rates and 
increased stress induced pathways.  The final stage of yeast growth following the 
post-diauxic phase is termed stationary phase at which time the cell density 
stops increasing.   
Longevity Pathways 
 Lifespan extension can be achieved by altering metabolism, activation of 
stress response pathways, and enhancing autophagy.  Replicative lifespan (RLS) 
extension in budding yeast can be achieved by dietary restriction and reducing 
the glucose concentration from 2% to 0.5% (Lin et al 2000).   In addition to 
	  
	   16 
having less glucose in the growth medium, fewer amino acids have also been 
shown to extend RLS in budding yeast (Jiang et al 2000).  In response to dietary 
restriction conditions yeast shift from fermentation conditions to mitochondrial 
respiration. Mitochondrial respiration in response to dietary restriction is 
conserved in the tissues of mammals (Hempenstall et al 2012).  Pathways that 
promote longevity extend beyond budding yeast as the heat shock transcription 
factor hsf-1 suppresses proteotoxicity and promotes longevity by dietary 
restriction in Caenorhabditis elegans (Steinkraus et al 2008). 
 TOR signaling is regulated via nutrient-sensing pathways that are 
conserved in budding yeast and higher eukaryotic organisms.  TOR kinase is 
activated by amino acids or carbohydrates in yeast (Hardwick et al 1999), while 
in higher eukaryotes TOR kinase is activated in response to amino acids, and 
through several other pathways that include the insulin/IGF-1 signal transduction 
pathway in worms, flies, and mice (Nobukuni et al 2005).  Deletion of the serine-
threonine kinase, SCH9, which is a target of TOR, increases chronological 
lifespan (CLS) and RLS in budding yeast (Fabrizio et al 2001, Kaeberlein et al 
2005).  Similarly, deletion of TOR1 has been shown to increase yeast CLS and 
RLS (Kaeberlein et al 2005, Wei et al 2009).  Deletion of TOR1 extends CLS in 
yeast by removing acetate and ethanol from the medium (Wei et al 2009).  
Mutations in Tor1 activate stress resistance pathways through the Msn2/4 
transcription factors (Beck & Hall 1999).  Although the link between TOR 
signaling and SIR2 is not completely understood, deletion of tor1 and deletion of 
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sch9 have been shown to extend lifespan in SIR2 mutants (Kaeberlein et al 
2005). 
Chromatin Changes during Replicative Aging 
 Silent Information Regulator (SIR) genes were first identified in Drosophila 
as repressors of genes (Wakimoto 1998).  In yeast, SIR genes are required for 
silencing at the mating-type locus, telomere silencing, and silencing at the rDNA.  
Sir2 in particular has been shown to have an important role in the aging of 
budding yeast as it is the primary histone deacetylase for acetylated lysine 16 of 
histone 4 (H4 K16ac) (Imai et al 2000).  Increased levels of H4 K16ac have been 
shown to increase with replicative age, while deletion of histone acetyl 
transferase, Something About Silencing 2, (SAS2) responsible for H4 K16ac 
extended RLS in yeast (Dang et al 2009).  One prediction as to why H4 K16ac 
might increase during aging is that the modification inhibits chromatin 
condensation into the 30 nm fiber (Shogren-Knaak et al 2006), which is required 
for silencing and proper regulation of gene expression.    
 Interestingly, all transcripts increase during replicative aging in yeast (Hu 
et al 2014), primarily due to the global loss of histone density from the DNA 
during the aging process (Feser et al 2010).  Although the global loss of histones 
was first identified in budding yeast, this also appears to be a feature of aging 
conserved in human fibroblast cells (O'Sullivan et al 2010).  Furthermore, it was 
found that the overexpression of histones could extend lifespan (Feser et al 2010) 
by restoring the histone density back onto the DNA during aging. 
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 Until recently, most research was focused on studying histone 
deacetylases and histone acetylases, until it was discovered that histone 
methyltransferases and demethylases also have an effect on lifespan.  H3 
K4me3 and H3 K27 me3 are methylation marks important for lifespan and 
involved in gene expression and transcriptional repression (Shilatifard 2006), 
respectively.  Recent work in C.elegans has shown that knockdown of the 
methyltransferase for H3 K4me3, SET-2 reduces the levels of the modification 
and extends worm lifespan (Greer et al 2010).  In contrast, mutations or 
deficiencies in the H3 K4me3 demethylase RBR-2 increases the levels of H3 
K4me3 and reduces lifespan in C.elegans (Greer et al 2010).  These studies 
suggest that maintaining gene expression via histone methylation is important in 
regulating aging and limiting H3 K4me3 promotes longevity by keeping genes 
that would not normally be transcribed repressed. 
 H4 K20me3 is a mark associated with constitutive heterochromatin that 
increases with age in rats (Sarg et al 2002) and in individuals that suffer from the 
premature aging disease, Hutchinson-Gilford progeria (Shumaker et al 2006).  In 
contrast, patients that suffer from Hutchinson-Gilford progeria disease also 
exhibit a decrease in H3K9me3 (Scaffidi & Misteli 2005), a mark that is involved 
in gene expression and transcriptional repression.  These results suggest that 
activating and repressive chromatin marks play an important role in the aging 
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Genomic Instability during Aging 
Extrachromosomal Ribosomal Circles (ERCs) 
 The decline in normal cellular function leading to death is attributed in part 
to the aging process.  The disruption in normal cellular function is associated with 
the accumulation of DNA damage. However, the types of DNA damage have yet 
to be explored in yeast.  Furthermore, genomic instability as a cause of aging has 
not been conclusively shown.  Extrachromosomal DNAs are found in a variety of 
organisms that include yeast, plants, Drosophila, and mammalian cells (Cohen & 
Segal 2009, Degroote et al 1989, Kraszewska et al 1985).  In budding yeast, 
ERCs are circular DNAs that are not part of the yeast chromosome but are 
generated from the ribosomal DNA (rDNA) locus located on chromosome XII, 
which consists of tandem arrays of 100 to 200 copies of a 9.1 kb repeat.  ERCs 
recombine and form circular loops outside the yeast chromosome.  Due to the 
repetitive nature of the rDNA locus, it is highly susceptible to recombination, 
which can either result in the amplification or deletion of rDNA repeats in the 
genome to maintain genomic stability (Kobayashi 2006).  The ERC theory of 
aging in yeast predicts that the accumulation of ERCs during replicative aging in 
mother cells results in a shortened lifespan (Sinclair & Guarente 1997).  An 
alternative theory to the ERC theory of aging predicts that aging is caused by 
rDNA instability rather than ERC accumulation (Ganley & Kobayashi 2013).  
Lifespan curves show that mutants with decreased levels of ERCs can also have 
a shortened lifespan (Ganley et al 2009), supporting the rDNA instability theory of 
aging.  
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Loss of Heterozygosity 
 One additional form of genomic instability that has been implicated during 
chronological and replicative aging is the loss of heterozygosity (LOH) in budding 
yeast (Lindstrom et al 2011, McMurray & Gottschling 2003, Qin et al 2008).  
Heterozygosity is measured in diploid cells by inserting an auxotrophic marker at 
one copy of a gene locus.  The LOH occurs when the marker is lost due to 
meiotic recombination.  It was discovered that during replicative aging, daughter 
cells have no change in LOH events, however, daughters of old mothers have 
increased LOH (McMurray & Gottschling 2003). 
The Terminal Budded/Unbudded State 
The budded or unbudded state of yeast can determine yeast lifespan and 
is associated with genomic instability during aging (Delaney et al 2013).  
Genetically identical populations of budding yeast cells vary in lifespan due to the 
stochastic nature of aging.  As such, genetically identical yeast do not undergo 
senescence at the same time nor do they undergo the same number of cell 
divisions.   Interestingly, it was found that populations of arrested yeast cells can 
have diverse budding morphologies that are associated with more genomic 
instability (Delaney et al 2013).  It was found that mother cells arrested in a 
budded state have a reduced replicative lifespan than mother cells arrested in an 
unbudded state, which have a longer lifespan (Delaney et al 2013). 
Retrotransposons  
Transposable elements are mobile genetic elements that are normally 
silenced by repressive chromatin structure in yeast and higher eukaryotic 
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organisms but comprise 2.4% of the yeast genome and more than 50% of the 
human genome (Lesage & Todeschini 2005).  Transposon yeast (Ty) 
retrotransposons replicate through an RNA intermediate and reverse 
transcription for reintegration into the genome (Boeke & Corces 1989). 
Retrotransposition involves the transcription of the Ty element into RNA followed 
by reverse transcription into cDNA and integration into new genomic locations 
(Figure 1.6).  Ty elements are 5.2 kb in length and are flanked by long terminal 
repeat (LTRs) sequences of about 330 base pairs (Cameron et al 1979) (Figure 
1.6A). Retrotransposons encode the homologues of retroviral genes gag and pol.  
Gag encodes the structural proteins, while pol encodes the protease, integrase, 
reverse transcriptase, and RNaseH domains (Figure 1.6A).  Yeast have five 
families of Ty elements Ty1-5, however, of these only three family members Ty1-
3 are known to be transpositionally active.  Ty elements integrate into the 
genome in a site-specific manner.  For example, Ty3 integrates upstream of the 
5’ end of tRNA genes (Eigel & Feldmann 1982) and Ty1 integrates upstream of 
pol III transcribed genes (Boeke & Stoye 1997).  Normally, the rates of 
transposition, 10-8 to 10-5 per cell per generation are low (Conte & Curcio 2000), 
which prevents the cell from accumulating unnecessary genomic instability.  
  Some of the consequences associated with Ty integration back into the 
genome include transcription and reintegration back into the genome, which  
increases the likelihood of homologous recombination between other Ty 
elements that could potentially cause genomic rearrangements (Roeder & Fink 
1980), insertions, and substitution mutations altering gene expression 
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Figure 1.6. Yeast Ty retrotransposons Replicate Though an RNA 
Intermediate and Re-integrate Into the Genome.  Illustration of Ty1 yeast 
retrotransposon being (1) transcribed into mRNA (2) reverse transcribed by 
reverse transcriptase (RT) into cDNA and (3) reinserted into a new genomic 
location. Ty retroelements encode gag and pol genes, which encode the 
structural and (RT) proteins, respectively. The long terminal repeats (LTRs) flank 
gag/pol and are used to insert the transposon back into the genome.    
 
(Paquin & Williamson 1986, Roeder & Fink 1980).  Retrotransposons are 
activated by oxidative stress and DNA damage in yeast, mammals, and other 
eukaryotes (Rockwood et al 2004, Scholes et al 2003, Stoycheva et al 2010), 
supporting a possible connection between retrotransposons and genomic 
instability.  Although conclusive evidence linking retrotransposition as a cause of 
genomic instability during replicative aging has not been shown, recent evidence 
suggests an increased association between the number of LOH events and 
retrotransposition during chronological aging in budding yeast (Maxwell et al 
2011).  However, it is not yet known whether retrotransposition increases during 
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replicative aging in yeast.  Recently, retrotransposons have been reported to 
increase during aging in human stem cells and actively transpose during aging in 
the Drosophila brain (Li et al 2013, Wang et al 2011).  Furthermore, increased 
levels of Alu retrotransposon transcripts have been shown to lead to human 
senescent stem cell aging, while suppression of Alu transcription reverses this 
phenotype (Wang et al 2011). 
Human Aging Disease and Genomic Instability 
 Werner syndrome (WS) is a premature aging disease in which individuals 
appear older than their chronological age and suffer from common aging 
ailments.  Some of the classical symptoms of WS include atherosclerosis, 
graying of the hair, alopecia, osteoporosis, cataracts, an increase incidence of 
cancer and increased genomic instability (Opresko et al 2003, Yu et al 1996).  
Individuals with WS suffer from the early onset of death caused by sarcomas, 
which is usually around the median age of death between 47 to 54 years of age.  
The disease is caused by a mutation in the Werner gene (WRN), which encodes 
a 167 kDa protein (Yu et al 1996).  The WRN gene encodes a RecQ DNA 
helicase that has DNA-dependent ATPase 3’-> 5’ helicase and 3’-> 5’ 
exonuclease activities (Opresko et al 2003).  Unlike other RecQ helicase family 
members, the Werner protein uniquely encodes an exonuclease domain (Shen & 
Loeb 2000).  The WRN gene consists of serveral conserved domains, which 
includes an exonuclease, acidic, helicase, Rec conserved, and nuclear 
localization sequence (NLS) domain.  Patients that suffer from WS have 
recessive mutations that lack the C-terminus and the NLS domain and result in a 
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truncated Werner protein (Yu et al 1996).  WRN functions in several metabolic 
pathways that includes replication, DNA repair, DNA recombination, and 
transcription (Opresko et al 2003).  As a RecQ helicase, WRN play an active role 
in DNA repair and is important in maintaining the cell’s genomic integrity by 
interacting with a variety of repair proteins.  Cells deleted for the WRN gene have 
an increased sensitivity to DNA damage and increased genomic instability.  
 SGS1 in budding yeast is the homologue for the WRN gene (Watt et al 
1996).  Yeast strains deleted for SGS1 (sgs1Δ) have a reduced replicative 
lifespan that could be due in part to the increase in recombination at the rDNA 
locus caused by more rDNA instability and the accumulation of ERCs (Sinclair & 
Guarente 1997, Watt et al 1996).  Furthermore, sgs1Δ mutants have an 
increased number of budded cells during senescence, which is associated with 
increased genomic instability (Gangloff et al 2000, Johnson et al 2001).
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CHAPTER II 
CHARACTERIZING THE ROLE OF THE CONFORMATIONAL FLEXIBILITY 
OF THE C-TERMINUS OF HISTONE H4 IN VITRO AND IN VIVO USING 
BUDDING YEAST1
Abstracta 
 Asf1 is a highly conserved H3/H4 histone chaperone that is important in 
mediating chromatin assembly during DNA replication, transcription, and repair 
through the binding of H3/H4 heterodimers that physically block the H3/H4 
tetramerization surface.  The critical histone H3 and H4 C-terminal tail makes 
direct contacts with Asf1 that results in a profound structural change causing the 
H4 C-terminal tail (G94-L97) to extend 180° in the opposite orientation of the 
contacts it normally makes within the context of the nucleosome (English et al 
2006).   To further investigate the functional consequences of this structural 
change, I mutated a critical residue, glycine 94 (G94) to a proline residue within 
the H4 C-terminal tail to restrict the conformational flexibility, and I analyzed the 
effects that this mutation had both in vitro and in vivo using Saccharomyces 
cerevisiae.  My analysis of the H4 G94P mutation in budding yeast revealed that 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This chapter is modified from our manuscript “The conformational flexibility of 
the C-terminus of histone H4 promotes histone octamer and nucleosome stability 
and yeast viability.” Chavez et al. 
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the functional role of the H4 C-terminal tail extends beyond its role in chromatin 
assembly and has additional roles in maintaining octamer and nucleosome 
stability as well as yeast viability.   The expression of H4 G94P as the only copy 
of histones in the genome causes a phenotype in budding yeast that results in 
yeast that are severely sick and that stop dividing after 2 to 3 cell divisions when 
wild type histone expression is turned off.  In contrast, when H4 G94P is 
expressed as the only copy of histones in a different yeast genetic background in 
the absence of wild type histone expression the mutation is lethal and the yeast 
are inviable.  The loss of function that results due to H4 G94P mutation alters the 
binding of H3/H4 dimers to Asf1 as shown by co-immunoprecipitation analysis 
and decreases the overall global levels of histones H3 and H4 in vivo.  The work 
in this chapter was published in part in the Journal of Epigenetics and Chromatin 
titled “The conformational flexibility of the C-terminus of histone H4 promotes 
histone octamer and nucleosome stability and yeast viability” (Chavez et al 2012). 
Introduction 
Histone chaperones are proteins that assist in the deposition and removal 
of histones during nucleosome assembly and disassembly.  Asf1 is the 
predominant histone chaperone required for histone H3/H4 assembly during 
transcription and DNA repair and is one of the most highly conserved H3/H4 
histone chaperones from yeast to humans.  Asf1 promotes favorable histone-
DNA contacts by shielding H3/H4 dimers from unfavorable DNA interactions and 
guiding the histones along a path to their assembly onto DNA (Donham et al 
2011).  Asf1 is also required for histone H3 acetylation at lysine 56, which 
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increases the affinity of additional histone chaperones for histone H3/H4 dimers 
and facilitates the assembly of newly synthesized histones into nucleosomes 
(Adkins et al 2007, Han et al 2007, Recht et al 2006, Tsubota et al 2007). The 
interaction of histones H3/H4 and Asf1 is maintained through a direct interaction 
with the H4 C-terminal tail (Figure 2.0A), which also makes critical contacts with 
histone H2A (Figure 2.0B) in the nucleosome.   The crystal structure of Asf1 
bound to H3/H4 reveals that Asf1 physically blocks the H3/H4 tetramerization 
surface (English et al 2006).  The H4 C-terminal tail is a highly dynamic structural 
feature of histone H4 that can potentially undergo a variety of structural 
conformations due to glycine residue 94 located on a hinge-like region of H4 
(Figure 2.7).  When bound in the Asf1-H3/H4 complex the H4 C-terminal tail 
forms an anti-parallel beta sheet with the globular core of Asf1.  In contrast to the 
structure that H4 adopts when bound to Asf1, H4 requires a complete 180 
degree rotation about glycine 94 to form a parallel beta sheet with histone H2A 
within the nucleosome.  The dynamic nature of the C-terminal tail of histone H4 
in the context of its interactions with Asf1 and in the nucleosome led me to test 
the hypothesis that the H4 tail facilitates chromatin assembly and disassembly 
via a strand capture mechanism (English et al 2006).  In this mechanism, Asf1 
binds to the H4 C-terminal tail and deposits the histones into nucleosomes or in 
the case of disassembling nucleosomes, Asf1 binds the H3/H4 dimers via the H4 
C-terminal tail. 
 To determine how changing the conformational flexibility of the H4 C-
terminal tail would affect the chromatin assembly/disassembly processes, I 
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restricted the number of conformations the H4 C-terminus could undergo by 
introducing point mutations at glycine residue 94 and studying their effects in 
yeast.  The mutations H4 G94A and H4 G94P were introduced into the yeast 
genome as a way to restrict the range of motion for the H4 C-terminal tail.  The 
G94P mutation was predicted to severely restrict the range of motion and 
flexibility of the H4 C-terminal tail, whereas the H4 G94A substitution was used 
as an intermediate between wild-type and the H4 G94P mutation and was 
predicted to have a mild effect on the range of motion.  The structure and binding 
of histones H4 G94P to Asf1 were similar to wild-type H4.  However, one 
interesting phenotype of the H4 G94P mutants was that when expressed as the 
only copy of histones H4 in the genome the cells were sick and was lethal in one 
yeast strain background, while yeast cells that expressed the H4 G94A mutation 
grew similar to wild-type cells.  Although the H4 G94P negatively impacted yeast 
viability, nucleosome formation was not altered in vivo.  In vitro, histone octamer 
stability, nucleosome stability, and nucleosome sliding were all reduced due to 
the reduced mobility of H4 G94P.  
Results 
Histone H4 G94P Mutation Results in DNA Damage Sensitivity to Hydroxyurea, 
but not to Methyl Methane Sulfonate, or Zeocin 
It is well known that Asf1 is a histone H3/H4 chaperone and that deletion 
of ASF1 (asf1Δ) and some Asf1 mutants that influence histone binding are  
	  
	   29 
 
 
Figure 2.0.  The H4 C-terminal Tail Forms an Anti-Parallel Beta Sheet with 
Asf1 and Undergoes a 180° Rotation to Form a Parallel Beta Sheet with 
Histone H2A Within the Nucleosome.  (A) Diagram showing structure of Asf1-
H3/H4 complex (English et al 2006). Asf1 (violet), H3 (blue), and H4 (green). G94 
is shown in red and the H4 C-terminal tail is circled in red. Asf1 binds H3/H4 
dimer occluding H3/H4 dimerization surface. H4 C-terminal tail circled in red 
forms an anti-parallel β sheet with the globular core of Asf1.  (B) Diagram 
showing H3/H4 heterotetramer from the nucleosome core particle (Davey et al 
2002). H2A (yellow).  H4 G94 undergoes 180° rotation to form a parallel β sheet 
with H2A (Luger et al 1997).  (Figure made by Mair Churchill).
	  

















Figure 2.1. H4 G94P Mutants in Yeast Are Sensitive to DNA Damaging 
Agents, Exhibit Slow Growth, and Have an Abnormal Cell Cycle Profile. 
(A) Identical numbers of cells from strains SNY091 (WT H4), SNY092 (H4 G94A), 
SNY095 (H4 G94P), and SNY093 (asf1Δ) were serially diluted five-fold onto 
plates containing the DNA damaging agents 50 mM Hydroxyurea, 0.002 % 
Methylmethane sulfonate, and 16 µg Zeocin and then grown at 30 °C for 3 days. 
#1 and #2 indicates independent isolates. (B) Growth curve of strains indicated in 
(A). H4 G94P mutants exhibit a slow growth phenotype as compared to WT H4 
and asf1Δ strains. (C) Flow cytometry analysis of asynchronous SNY091 (WT H4) 
and SNY095 (H4 G94P) cultures stained with Sytox green.  H4 G94P mutants 
exhibit disrupted DNA peaks shifted to the right as compared to WT H4 strains, 
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sensitive to DNA damaging or stress inducing agents (English et al 2006, Ramey 
et al 2004, Tyler et al 1999).  To determine whether the conformational flexibility 
in the C-terminus of H4 was important for DNA damage resistance, I tested 
whether yeast strains with a single copy of the genes encoding histones HHT2 
hhf2 G94P were sensitive to the DNA damaging or stress inducing agents 
hydroxyurea (HU), methylmethane sulfonate (MMS), or zeocin.  The DNA 
damaging agent MMS is an alkylating agent (Ramey et al 2004), while 
hydroxyurea is a ribonucleotide reductase inhibitor responsible for depleting 
nucleotide pools and causing replication fork stalling (Tyler et al 1999).  Zeocin, a 
radiomimetic drug responsible for randomly generating single and double strand 
breaks (Chen et al 2008) had no effect on H4 G94P mutants as compared to 
wild-type cells.  Cells with copies of HHT2 hhf2 G94A were insensitive to these 
agents (Figure 2.1A).  From these results I concluded that cells with the H4 G94P 
mutation were sensitive to the replication stress inducing agent HU and 
insensitive to the DNA damaging agents Zeocin and MMS and that the H4 C-
terminal tail plays an important role in DNA damage resistance.   
Histone H4 G94P Mutants Exhibit Slow Growth Defects Relative to Wild-type and 
asf1Δ Strains  
 One of the phenotypes associated with the H4G94P mutation that became 
apparent when grown in culture and then serially diluted onto rich medium plates 
was the formation of fewer colonies compared to the wild-type strain.  The H4 
G94A mutant grew similar to wild-type and did not display any difference in the 
number of colonies formed on plates (Figure 2.1A).   Therefore, I used a time 
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course to measure the optical density (OD) and estimate the relative growth of 
wild type H4, H4 G94P, and H4 G94A as compared to an asf1Δ strain.  Overall, 
H4 G94P had the most significant slow growth phenotype as compared to the 
wild type H4, H4 G94A, and asf1Δ.   Cells lacking Asf1 also exhibit a slow growth 
phenotype characterized by DNA damage sensitivity (Ramey et al 2004).  
H4 G94P Mutants Exhibit an Abnormal Cell Cycle Profile 
 Slow growth phenotypes can be caused by one of two possible reasons.  
Either this could be due to a slow cell-cycle progression or due to the 
accumulation of cells at one particular phase of the cell cycle.  To determine 
whether H4G94P mutants were progressing normally through the cell cycle or 
whether they exhibited cell-cycle defects, I used flow cytometry analysis to 
measure the DNA content of wild-type and H4 G94P mutants from asynchronous 
cultures.  Normal haploid yeast cultures exhibit a profile characteristic of two 
DNA content peaks, 1C and 2C  (Figure 2.1C) which is indicative of an 
asynchronous population of cells that will undergo mitosis or have doubled their 
DNA and gone through mitosis, respectively.   As compared to the WT control, 
H4 G94P mutants do not have two well-defined DNA content peaks.  Instead the 
peaks of H4 G94P mutants are highly disrupted and shifted to the right (Figure 
2.1C).  To ensure that the peak shift seen in H4G94P was not due to 
accumulation of mitochondrial DNA, the cells were treated with ethidium bromide 
to deplete them of mitochondrial DNA, and this did not alter the cell cycle profile 
of the mutant.  From these results, I concluded that the accumulation of DNA 
seen in H4 G94P mutants is likely due to these cells progressing more slowly 
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through the cell cycle than wild-type cells.  Overall, H4 G94P mutants exhibit 
growth defects that are severe but are distinct from cells that lack Asf1.  
H4 G94P Is a Loss of Function Mutation and Is Inviable as the Only Copy of 
Histones in the Yeast Genome 
To determine whether the H4 G94P mutation could affect cell viability 
when integrated into the genome as the only copy of HHF2, I genetically modified 
yeast strains in which I integrated the H4 G94A and H4 G94P mutations into the 
genome as the only copy of HHF2 with all other endogenous histones being 
deleted.  A total of four haploid strains were constructed (Table 2.1).  I mated two 
yeast strains as shown in Table 2.1 and then performed tetrad analysis to select 
for single yeast spores, selecting for tetrads using the auxotrophic markers TRP 
and the drug resistance marker KAN.   The TRP gene was used to select for 
tetrad spores with either HHT2 hhf2G94A or HHT2 hhf2G94P mutation, while the 
KAN gene selected for spores containing hht1Δ hhf1ΔG94A or hht1Δ hhf1ΔG94P.  
Greater than 80% of the WT H4 and H4 G94A tetrad spores were viable as the 
only copy of histones expressed in the genome.  H4 G94P mutant spores were 
inviable when integrated as the only copy of histones integrated into the genome 
as they could not effectively form a colony. In addition to H4 G94P mutants 
unable to form a colony when the mutation was expressed as the only copy of 
histones, I wanted to determine whether the mutation was a loss or gain of 
function mutation.  I determined that the H4 G94P mutation was due to a loss of 
function mutation as a majority of the tetrad spores were KAN sensitive (KANs) 
and TRP+.  If the H4 G94P had been caused by a gain of function mutation I 
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might have expected the KANr  TRP+ marked spores to yield viable colonies.  
These results suggest that when H4 G94P is the only copy of hhf2 in the yeast 
genome that the mutation disrupts normal cell growth.  However, when there is at 
least one WT copy of HHF2 expressed, then the cells are viable (Table 2.1).  
Furthermore, the viability of H4 G94P mutants when expressed as the only copy 
of histones on a plasmid exhibits a slow growth defect (Figure 2.1B).    
 Viability of H4 G94P Is Not Due to the Accumulation of Rare Suppressors 
To address the possible reasons why the H4 G94P mutant was viable in the 
RMY102 strain background and inviable in the W1588C strain background, I 
tested whether these differences were due to inherent strain background 
differences or whether the H4 G94P mutant in the RMY102 strain had gained a 
rare suppressor mutation that may have given the strain an advantage by using a 
colony formation assay that allowed me to transcriptionally repress wild-type 
histones.  For this assay I re-transformed strain RMY102 with WT, H4 G94A, and 
H4 G94P containing plasmids and then tested their ability to grow on medium 
containing glucose, galactose, and 5-fluoroorotic acid (5-FOA) (Figure 2.2). 5-
FOA is a drug that was used as a negative selection in strains that retained the 
pRM102 plasmid and expressed the URA3 gene as a selection marker.  Using 
this assay cells that are phenotypically Ura+ die on 5-FOA because the pRM102 
plasmid could not be lost from the cell whereas those that are phenotypically 
Ura-  survived on 5-FOA because these cells lost the pRM102 plasmid.  Cells 
were grown in liquid culture to mid-log phase in the presence of galactose and 
then plated onto either glucose or galactose to transcriptionally repress wild-type
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histones or express wild-type histones, respectively.  70% of the H4 G94P 
mutant cells were able to form colonies after wild-type histone repression using 
glucose (Figure 2.2C).  Although the H4 G94P mutants grow very slowly in the 
RMY102 background they still formed colonies on 5-FOA medium, which 
indicates this mutant strain’s survival with the H4 G94P mutation is likely not due 
to the accumulation of a rare suppressor following the introduction of the mutant 
plasmid but likely due to differences in the yeast genetic strain backgrounds of 
RMY102 and W1588C.  One advantage of integrating the mutated histone H4 
G94P into the genome is that it serves as the only copy of histones in the 
genome as opposed to using a plasmid, which has unstable plasmid copy 
numbers and can mask the deleterious effects of a mutated histone.  It is not 
uncommon to find the same histone mutation be lethal in one yeast strain 
background and “sick” in another (Dai et al 2008, Nakanishi et al 2008). 
The Conformational Flexibility of the H4 C-terminal Tail Is Essential for Growth 
To further understand the inviability of H4 G94P mutants in the W1588C 
background, I generated haploid yeast strains in which I integrated a single copy 
of wild-type histone H4, H4 G94A, and H4 G94P into the genome marked with 
the gene expressing TRP (Table 2.2) as the only copy of histones while also 
maintaining a copy of the gene expressing wild-type histones HHT2 and HHF2  
on the galactose inducible plasmid pRM102 marked with URA3 (Figure 2.3A) 
(Mann & Grunstein 1992).  I tested the viability of these strains by first growing 
the cells in galactose liquid medium and then serially diluting (5x dilutions) equal 
numbers of cells onto petri dish plates containing glucose or galactose medium, 
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Figure 2.2. The Viability of H4 G94P Is not Due to the Accumulation of Rare 
Suppressors 
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Figure 2.2. The Viability of H4 G94P Is not Due to the Accumulation of Rare 
Suppressors (A) RMY102 which contains pRM102 (CEN4 ARS1 p(GAL10)-
HHT2 p(GAL1)-HHF2 URA3) was transformed with pEMHE81 (CEN6 ARSH4 
HHT2 and HHF2 TRP1) based plasmids containing WT, or mutant histone H4.  
Transformants were selected on Sgal -Ura -Trp. Transformants were grown in 
(2% galactose) -Ura –Trp liquid culture to mid-log phase and cells were counted 
with a hemocytomter. ~300 cells were plated onto (2% galactose) -Ura -Trp or  
SC -Ura -Trp (glucose) plates.  Cells were grown at 30˚C until colonies were 
visible (WT and G94A on glucose, 2-3 days; G94P mutants on glucose, and all 
strains on galactose, 3-4 days.)  (B) As in (A).  Colony counts for three 
independent transformants plated in triplicate for each growth condition (9 plates 
per data point).  Bars represent the standard deviation of the mean. 70% of the 
G94P mutant cells were able to form colonies after WT histone expression was 
repressed with glucose.  (C) Cells were grown as in A, but ~200 cells were plated 
onto (2% galactose) -Ura -Trp plates.  After colony formation, these were replica 
plated onto -Trp 5-FOA (.75g/L) plates followed by (2% galactose) -Ura -Trp 
plates.  Cells that are phenotypically URA+ because they cannot lose the 
pRM012 plasmid will die on 5-FOA, whereas those that have lost the plasmid, 
and are phenotypically ura-, will survive.  All of the G94P mutant colonies, 
although slow growing, were able to grow on 5-FOA following replica plating.   
	  
	   39 
 




























Figure 2.3. The Conformational Flexibility of the H4 C-terminal Tail Is 
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Figure 2.3. The Conformational Flexibility of the H4 C-terminal Tail Is 
Essential for Growth.  (A) Illustration of yeast strains with plasmid borne wild-
type HHT2 and HHF2 under control of the pGAL 1/10 promoters in the W1588 
genetic background.  Expression of WT HHT2 and HHF2 under pGAL is shut off 
by the addition of glucose leaving only the integrated copies of WT H4, H4 G94A, 
or H4 G94P expressed.  (B) Identical number of cells from the strains MCY091 
(WT H4), MCY094 (H4 G94A), and MCY097 (H4 G94P) were pregrown in 
galactose and then serially diluted (5x) onto galactose or glucose plates.  H4 
G94P mutants form colonies with a lower efficiency than either WT H4 or H4 
G94A mutants. (C) Strains MCY091, MCY094, and MCY097 were grown in 
glucose for 5.5 hours prior to plating (WT histones shut-off) and then serially 
diluted onto galactose and glucose plates.  All medium lacked uracil to maintain 
selection for the URA3 marked plasmid expressing WT H3/H4. 
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RMY102 MATa ade2-101 his3-∆200 lys2-801 trp1∆901 ura3-52      Thr-hht1 hhf1::LEU2 hht2 hhf2::HIS3 [pRM102] 
Mann, 1992 
SNY089  
MATa ade2-101 his3-∆200 lys2-801 trp1∆901 ura3-52      




MATa ade2-101 his3-∆200 lys2-801 trp1∆901 ura3-52      




MATa ade2-101 his3-∆200 lys2-801 trp1∆901 ura3-52      




MATa ade2-101 his3-∆200 lys2-801 trp1∆901 ura3-52 hht1 




MATa ade2-101 his3-∆200 lys2-901 trp1∆901 ura3-52 hht1 
hhf1::LEU2 hht2 hhf2::HIS3 ASF1::13MycKANMX   
[pEMHE81 H4 G94A] 
SNY090 
SNY095 
MATa ade2-101 his3-∆200 lys2-901 trp1∆901 ura3-52 hht1 
hhf1::LEU2 hht2 hhf2::HIS3  ASF1::13MycKANMX6 
[pEMHE81 H4 G94P] 
SNY090 
MCY073 
MATa ade2-101 his3-∆200 lys2-901 trp1∆901 ura3-52 hht1 




MATa ade2-101 his3-∆200 lys2-901 trp1∆901 ura3-52 hht1 
hhf1::LEU2 hht2 hhf2::HIS3 ASF1::13MycKANMX6 
RTT109::6xGly-(FLAG)3::hphMX6 [pEMHE81 H4 G94A] 
SNY092 
MCY075 
MATa ade2-101 his3-∆200 lys2-901 trp1∆901 ura3-52 hht1 
hhf1::LEU2 hht2 hhf2::HIS3 ASF1::13MycKANMX6 
RTT109::6xGly-(FLAG)3::hphMX6 [pEMHE81 H4 G94P] 
SNY095 
MCY076 
MATa ade2-101 his3-∆200 lys2-901 trp1∆901 ura3-52 hht1 
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W1588-4a MATα leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 
Gift from R. 
Rothstein 
W1588-4c MATa leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 
Gift from R. 
Rothstein 
BKD215 MATα leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 hht1 hhf1::KANMX6 
W1588-4a              
(see methods) 
BKD203 MATα leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 hht2 hhf2::HHT2 HHF2::TRP1 
W1588-4c                   
(see methods) 
BKD204 MATα leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 hht2 hhf2::HHT2 HHF2::TRP1 
W1588-4c                
(see methods) 
BKD207 MATa leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 hht2 hhf2::HHT2 HHF2 G94P::TRP1 
W1588-4c               
(see methods) 
BKD210 MATa leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 hht2 hhf2::HHT2 HHF2 G94A::TRP1 
W1588-4c               
(see methods) 
MCY081 
MATa /MATα leu2-3,112 / leu2-3,112 ade2-1/ ade2-1 can1-
100/ can1-100 his3-11,15/ his3-11,15 ura3-1/ ura3-1 trp1-1/ 





MATa /MATα leu2-3,112 / leu2-3,112 ade2-1/ ade2-1 can1-
100/ can1-100 his3-11,15/ his3-11,15 ura3-1/ ura3-1 trp1-1/ 
trp1-1 HHT2 HHF2::TRP1/HHT2 HHF2 HHT1 HHF1/ hht1 
hhf1::KANMX6 [pRM102] 
MCY081 




MATa /MATα leu2-3,112 / leu2-3,112 ade2-1/ ade2-1 can1-
100/ can1-100 his3-11,15/ his3-11,15 ura3-1/ ura3-1 trp1-1/ 
trp1-1 HHT2 hhf2 G94A::TRP1/HHT2 HHF2 HHT1 HHF1/ 




MATa /MATα leu2-3,112 / leu2-3,112 ade2-1/ ade2-1 can1-
100/ can1-100 his3-11,15/ his3-11,15 ura3-1/ ura3-1 trp1-1/ 
trp1-1 HHT2 hhf2 G94A::TRP1/HHT2 HHF2 HHT1 HHF1/ 
hht1 hhf1::KANMX6 
MCY082 
MCY094 MATa leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 HHT2 hhf2G94A::TRP1 hht1 hhf1::KANMX6 [pRM102] 
Segregant   
from MCY082 
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MATa /MATα leu2-3,112 / leu2-3,112 ade2-1/  ade2-1 can1-
100/ can1-100 his3-11,15/ his3-11,15 ura3-1/ura3-1 trp1-1/ 





MATa /MATα leu2-3,112 / leu2-3,112 ade2-1/ ade2-1 can1-
100/ can1-100 his3-11,15/ his3-11,15 ura3-1/ura3-1 trp1-1/ 
trp1-1 HHT2 hhf2 G94P::TRP1/HHT2 HHF2 HHT1 HHF1/ 
hht1 hhf1::KANMX6 [pRM102] 
MCY083 
MCY097 MATa leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 HHT2 hhf2 G94P::TRP1 hht1 hhf1::KANMX6 [pRM102] 
Segregant  
from MCY088 
MCY021 MATα leu2-3,112 ade2-1 can1-100 his3-11,15 ura3-1 trp1-1 hht1 hhf1::KANMX6 asf1::his5 +MX6 
BKD215 





MATα ade2::HisG his3 leu2 met15Δ::ADE2 trp1Δ63 




MATα ade2::HisG his3 leu2 met15Δ::ADE2 trp1Δ63 ura3Δ0 
hoΔ::SCW11 pr-CRE-EBD78-NatMX loxP-UBC9-loxP-LEU2 
loxP-CDC20-Intron-loxP-HPHMX 
Gift from Dan 
Gottschling. 
MCY102 
MATα ade2::HisG his3 leu2 met15Δ::ADE2 trp1Δ63 ura3Δ0 
hoΔ::SCW11 pr-CRE-EBD78-NatMX loxP-UBC9-loxP-LEU2 
loxP-CDC20-Intron-loxP-HPHMX [pGTy1-H3mHIS3AI] 
This study 
a Plasmids are indicated in square brackets 
b Strains derived from the same parent are grouped together 
c Unless noted, strains are from this study 
 
to repress the expression of the wild-type histones or express wild-type histones, 
they expressed at least one copy of the wild-type HHT2 and HHF2 histone genes, 
all the strains grew equally well and produced the same number of colonies.  
Similarly, when I repressed the expression of the wild-type copy of HHT2/HHF2, 
	  
	   44 
the wild-type H4 and H4 G94A grew equally well, but the H4 G94P strain yielded 
1.5 x 104 fold fewer colonies (Figure 2.3B).  These results show that if cells 
express at least one wild-type copy of HHT2/HHF2 in the H4 G94P mutant, the 
cells grow normally.  However, if H4 G94P is the only copy of HHF2 expressed in 
the cell, then the cells have a reduced capacity to form colonies, which is likely 
due to consequences caused by the H4 G94 mutation resulting in slow cell 
growth (Figure 2.1B), reduced cell viability (Table 2.1), and an abnormal cell   
respectively (Figure 2.3A).  When the cells were grown under conditions in which 
cycle progression (Figure 2.1C) that causes these mutants to stop dividing after 3 
cell divisions (Figure 2.4).   
To determine whether cells could recover from H4 G94P expression upon 
re-expression of wild-type H4, I grew the strains overnight in galactose medium 
to maintain expression of wild-type histones and then shifted the medium into 
glucose allowing the cells to grow for an additional 5.5 hours upon which time 
most wild-type histone H4 plasmid expression is repressed prior to plating the 
cells on galactose and glucose containing plates (Figure 2.3B). H4 G94P mutant 
cells grown under conditions in which wild-type HHT2/HHF2 were not initially 
expressed for the first 5.5 hours were then plated onto medium that then 
permitted expression of wild-type HHT2/HHF2 formed 625 fold fewer colonies 
than the wild type H4 and H4 G94A strains (Figure 2.3C).  These results suggest 
that cells expressing the H4 G94P mutation cannot fully recover from having H4 
G94P as the predominant version of histone H4 in the genome.  It is possible 
when H4 G94P is the only copy of histones expressed, that a small portion of 
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these cells are unable to fully regain their ability to divide normally because H4 
G94P mutants prematurely stop dividing (Figure 2.4).  It is possible that once the 
H4 G94P mutants stop dividing that supplying the cell with wild-type histones is 
not enough to restore the mutant’s growth back to wild-type levels. 
H4 G94P Mutants Prematurely Stop Dividing in the Absence of Wild-type H4 
 To determine the number of times that H4 G94P mutants cells can divide 
after repressing wild type pGAL H4 expression, I grew MCY091 (WT), MCY094 
(H4 G94A), and MCY097 (H4 G94P) cells in galactose liquid cultures and then 
plated single cells onto glucose and counted the number of times a single cell 
divided (Figure 2.4A).  I determined the frequency of cell divisions over a time 
course of 24 hours and discovered that by 8 hours 80% of both WT and H4 
G94A cells had divided three times and by 24 hours 100% divided at least four 
times (Figure 2.4B).  In contrast, less than 60% of H4 G94P mutant cells divided 
within 16 hours and took twice as long as WT and H4 G94A mutants to undergo 
3 cell divisions before they stopped dividing (Figure 2.4B).  Similarly, I found that 
by growing H4 G94P mutants in liquid culture and repressing the expression of 
the WT H4 plasmid by growing the cells in glucose that H4 G94P mutants 
stopped dividing after 5 to 6 hours and divided approximately twice (Figure 2.5A) 
while still increasing in size as suggested by the increase in optical density 
(Figure 2.5C).  These results demonstrate that the H4 G94P mutation is 
negatively affecting the ability of these cells to normally divide.  The inability of 
H4 G94P mutants to divide is further supported by evidence of a cell cycle defect  
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Figure 2.4. H4 G94P Mutants Integrated Into the Genome Prematurely Stop 
Dividing After Repressing Expression of the Wild-type H4. 
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Figure 2.4. H4 G94P Mutants Integrated Into the Genome Prematurely Stop 
Dividing After Repressing Expression of the Wild-type H4.  (A) Illustration of 
the number of cells and cell divisions after repressing wild-type histone 
expression. (B) Single cells from the strains MCY091 (WT H4), MCY094 (H4 
G94A), and MCY097 (H4 G94P) were plated onto glucose plates lacking uracil 
(WT histones shut-off) and the number of buds produced started from a single 
cell were plotted after 0, 4, 8, 16, and 24 hours.  H4 G94P mutants divide no 
more than 3 times  
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Figure 2.5. H4 G94P Mutants Stop Dividing After 5 to 6 hours and Divide 
Approximately Twice.  (A) Number of cells per mL of strains MCY091 (WT H4), 
MCY094 (H4 G94A), MCY097 (H4 G94P) after 0, 2, 4, 6, and 8 hours of growth 
after transfer to glucose liquid medium to repress wild-type H4 expression 
(shown with log and linear y-axis scales). (B) Growth curve for the same strains 
used in (A) in galactose containing media. (C) Growth curve for the same strains 
in (A) in glucose medium.  All cells were diluted to an OD600 of 0.1 at the 
beginning of the growth analyses. 
	  
	   49 
in H4 G94P mutants (Figure 2.1C) as described earlier.  Notably, the reduced 
number of cell divisions in H4 G94P mutants is similar to the reduced number of 
cell divisions in asf1Δ mutants (Ramey et al 2004). 
H4 G94P Mutants Are Enriched in Large Aberrant Cells 
 To address whether H4 G94P mutants were arrested at any particular 
stage in the cell cycle and if their cell morphology was abnormal, I grew the 
strains MCY091 (WT), MCY094 (H4 G94A), MCY097 (H4 G94P) under 
conditions in which WT histones were repressed and only mutant histones were  
expressed, and then used immunofluorescence to observe the cell morphology 
and cell cycle using 4',6-diamidino-2-phenylindole (DAPI) to stain the DNA.  In 
cells that only expressed the H4 G94P mutation as the only copy of histones, I 
observed that a majority were large budded cells; in comparison WT and H4 
G94A cells had a mixed population of tiny, small, and medium sized buds (Figure 
2.6). These aberrantly budded cells in H4 G94P mutants were characterized by 
abnormally large cells and displayed elongated buds or bud-like projections that  
were visualized using differential interference contrast microscopy (DIC) (Figure 
2.6 E,F).  These results demonstrate that large aberrant budded cells are 
enriched in yeast cells that express H4 G94P as the only copy of histones in the 
genome only after WT histone expression is repressed.  Notably, the 
accumulation of these large budded cells in H4 G94P mutants parallels 
morphological abnormalities seen in checkpoint defective mutants (Enserink et al 
2006).  The abnormally large budded cells in H4 G94P mutants could explain the 
steady increase in optical density reflected in the growth curve seen in Figure 2.1. 
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Figure 2.6. H4 G94P Mutants Have Multiple Aberrant Budding Morphologies.
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Figure 2.6. H4 G94P Mutants Have Multiple Aberrant Budding Morphologies.  
(A -F) cells were grown in 2% Gal -Ura medium as described in the Materials and 
Methods. (A, B and C) 6 hr after growing cells in galactose or 6 hr after 
repressing WT H4 expression with glucose.  (D, E and F) as in A-C, but at 8 hr.  
Panels A and C represent graphs by which buds were visualized and 
characterized by DIC microscopy seen in panels E and F. In panels B and D, WT 
H4, H4 G94A, and H4 G94P yeast cells were characterized for cell cycle based 
on the nuclear DAPI staining seen in panels E and F.   (A) After 6 hours, 
H4G94P mutants grown in glucose have an increase in the percentage of cells 
with large buds as compared to WT or H4G94A mutant cells.  (B) 6 hr after 
repressing WT histone expression, H4 G94P mutants do not accumulate at any 
one phase of the cell cycle.  Approximately 150 cells for each strain were scored 
for each condition. The nuclear cell division cycle was defined as follows: G0/G1 
- unbudded or large budded cells with central nuclei. Early S - cells with a tiny 
bud.  S - cells with small, medium or large buds with mothers containing a single 
nucleus that had not migrated to the mother-bud neck. G2 to M transition - cells 
with nuclei positioned at the mother-bud neck. M - cells with a contiguous DAPI 
signal shared between the mother and bud. Telophase - cells with nuclei at 
opposite poles. Anucleate - a single large cell with no DNA staining, or a 
daughter cell with DNA staining attached to a mother cell without staining. (C) 
Morphological changes 6 hr after repressing WT H4 expression in the H4G94P 
mutants. DAPI and DIC images are shown for the same cells. (D) After 8 hours, 
H4G94P mutants grown in glucose have an increase in the percentage of 
unbudded and large budded cells as compared to WT or H4G94A mutant cells. 
500-600 cells of each strain were scored in the yeast strains MCY091, WT; 
MCY094 H4G94A; MCY097, H4G94P. The aberrant category is expressed as a 
percentage of all cells counted for each strain. These aberrant cells were of three 
main types: those that were abnormally large regardless of bud size, those that 
were very large, round and unbudded, and those with elongated buds or bud-like 
projections. (E) As in B, but at 8 hr. (F) As in E, but at 8 hr. (Microscopy was 
performed by Briana Dennehey). 
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In addition to cell morphology, H4 G94P mutants were scored for cell division 
cycle by staining the DNA with DAPI (Figure 2.6).  Given the abnormal cell 
morphology in H4 G94P mutants, I expected that this might be due to the 
accumulation of the H4 G94P mutants in one particular phase of the cell cycle. 
However, when I examined whether there was any difference in the distribution 
of cells in S, G2, M, or telophase of the cell cycle in WT, H4 G94A, or H4 G94P 
mutants I did not detect much difference between the cell cycle distribution in WT 
and mutant cells (Figure 2.6B).  These results suggest that in comparison to WT 
cells, H4 G94P cells have an aberrant cell morphology but it is not due to the 
accumulation in any particular phase of the cell cycle (Figure 2.6D). It is possible 
that the H4 G94P mutation itself may be causing the aberrant cell morphology.  
Restricting the Conformational Flexibility of the H4 C-terminal Tail Distorts the 
Structure of the Asf1-H3/H4 Complex 
To determine if the H4G94P protein altered the interactions between the 
histone chaperone Asf1-H3/H4 complex, we (JS and MC) determined the Asf1-
H3/H4 G94P crystal structure at a resolution of 2.35 Å (Table 2.3).  The Asf1-
H3/H4 G94P structure was solved by molecular replacement (English et al 2006).  
The crystals formed in the same space group, P3121 and formed similar 
structural contacts as the WT complex (Table 2.3).  The H4G94P substitution had 
both global and local structural effects on Asf1-H3/H4 complex that were small 
but additive resulting in the scissoring apart of the histones from Asf1 near the 
Asf1 C-terminal region by 3 Å (Figure 2.7A).  The Asf1 C-terminal tail in the Asf1-
H3/H4 G94P structure was determined to have an RMSD of 1.58 Å and was shifted 
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toward H4 as compared to Asf1 in the WT complex (Asf1-H3/H4), while the 
RMSD of H3 between the two structures was identical (Figure 2.7A).   
 Further structural changes in the Asf1-H3/H4 G94P complex occurred near 
the Asf1 C-terminal tail where histone H4 Arginine 92 rotates 70° and 8 Å to 
interact with Asp160 and Asp 162 of the Asf1 C-terminal tail.  The distance 
increased between the globular core of Asf1 and the histones while the Asf1 C-
terminal and histone H4 became spatially closer (Figure 2.7B). These results 
indicate that the structural changes detected using crystallography were due 
primarily to the proline substitution at glycine 94 on histone H4 and the inability of 
this amino acid to mimic the glycine and mimic the Asf1-H3/H4 protein 
conformations.   
H4G94P Does Not Alter Binding to Asf1 in vitro 
 To determine if the structural alterations causing Asf1-H3/H4G94P to scissor 
apart affected the binding affinity of these two proteins we (JS and MC) used a 
fluorescence-quenching assay to measure the binding affinities of these two 
proteins and compared the affinity of WT H3/H4 bound to Asf1.   We (JS and MC) 
determined that the binding affinity (KD) between Asf1-H3/H4 (KD 2.5 ± 0.7 nM) 
(Donham et al 2011) and Asf1-H3/H4G94P (2.42 ± 0.1 nM) was not largely affected 
by the glycine to proline substitution (Figure 2.8A).  These results suggest that 
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More H4G94P Accumulates in Complex with Asf1 Than WT H4 in vivo 
 To determine whether the structural changes we observed in Asf1-
H3/H4G94P in vitro had any effect on the binding affinity in vivo, I complemented 
the in vitro fluorescence assay using a co-immunoprecipitation assay (Co-IP) to  
 examine the binding interaction between Asf1 and the H3/H4G94P mutant dimers 
using the RMY102 yeast genetic background.  While H4 G94P mutants are sick 
in this strain background they are viable.  I co-immunoprecipitated similar 
amounts of Myc-tagged Asf1 with WT H4 and H4 G94A, suggesting the G94A 
substitution had a negligible effect on the binding of Asf1 to histones H3 and H4  
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Figure 2.7.  The Binding of H3/H4Δ94P to Anti-silencing function 1 (Asf1) 
Causes Both Global and Local Structural Effects on the Asf1-H3/H4 
Complex. 
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Figure 2.7.  The Binding of H3/H4Δ94P to Anti-silencing function 1 (Asf1) 
Causes Both Global and Local Structural Effects on the Asf1-H3/H4 
Complex.  (A) Crystal structure model of wild-type Asf1-H3/H4 superimposed 
(gray) on the Asf1-H3/H4G94P structure (colored).  H4 G94 residue is indicated in 
red.  A 3 Å shift occurs in the Asf1-H3/H4G94P complex as compared to wild-type 
Asf1-H3/H4 as indicated by the black arrow.  (B) Structural changes caused by 
the H4 G94P substitution in the Asf1-H3/H4G94P complex results in a 70° rotation 
of histone H4 Arginine 92 (R92) which brings histone H4 closer to the C-terminus 
of Asf1. Nitrogen and oxygen atoms are colored blue and red, respectively. (The 
structural analysis was performed by Jean Scorgie and Mair Churchill).  
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in vivo (Figure 2.8B).  In contrast, it appeared H3/H4 dimers bound to Myc-  
tagged Asf1 better in the H4 G94P mutant as compared to WT H4 as indicated 
by the increase in the histone H3 and histone H4 K12 acetylation (Ac) signal 
(Figure 2.8B).  Notably, H4 K12Ac is a marker of histones that are newly  
 synthesized prior to chromatin assembly (Sobel et al 1995) and are deacetylated 
upon incorporation into chromatin (Jackson et al 1976).  One of the reasons I 
chose to Western blot for H4 K12Ac is because I wanted to detect newly 
synthesized histones prior to chromatin assembly.  For this experiment, I 
included an untagged Asf1 protein as a negative control, which as expected did 
not pull down any histone proteins. These results demonstrate that cells with the 
H4 G94P mutation bind more Asf1 than WT histone H3/H4 dimers in vivo.  These 
results suggest that the binding affinity of Asf1-H3/H4 G94P in vivo is greater 
than Asf1-H3/H4. An alternative possibility could be that more H3 and H4 are 
accumulating in the H4 G94P mutant due to the inability of Asf1 to “hand-off” the 
H3/H4 dimers to a downstream histone chaperone like CAF-1.  
Total Levels of H3 K56 Acetylation Are Reduced in H3/H4G94P Mutants 
To determine whether the increased accumulation of histone H3/H4 bound 
to Asf1 in H4 G94P mutants in vivo reduced the affinity of downstream histone 
chaperones for H3/H4 dimers, I used Western blot analysis to determine the 
global levels of histone H3 K56 acetylation (H3 K56 Ac) in WT, H4 G94A, and H4 
G94P mutants.  H3 K56 Ac enhances the binding of histones for H3/H4 
chaperones like CAF-1 and Rtt106, which deposit H3-H4 histones onto DNA (Li 
et al 2008, Zunder et al 2012).  I discovered that the total levels of H3 K56Ac 
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Figure 2.8.  More H4 G94P Binds Anti-silencing function 1 (Asf1) in vivo 
than Wild-type H4 and the Global Levels of H3 K56Ac and Histone H3 Are 
Decreased in H4 G94P Mutants in vivo. 
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Figure 2.8.  More H4 G94P Binds Anti-silencing function 1 (Asf1) in vivo 
than Wild-type H4 and the Global Levels of H3 K56Ac and Histone H3 Are 
Decreased in H4 G94P Mutants in vivo.  (A) Fluorescence quenching assay 
using Alexa Fluor 532 signal labeled yAsf1*532 (1 nM) binding to unlabeled 
H3/H4G94P (○), H3/H4ΔG94 (□), and H3/H4 ( ).  Data were fitted with a ligand-
depleted binding model (Equation 1).  H3/H4G94P had a slight increase in 
fluorescence quenching as compared to wild-type H3/H4.  The KD for Asf1-
H3/H4G94P was 2.42 ± 0.1 nM and KD for Asf1-H3/H4 was 2.5 ± 0.7 nM. (B) More 
histones H3 and H4 co-immunoprecipitate with Myc-tagged Asf1 in the H4 G94P 
mutant than WT H4.  The strains SNY091 (WT H4), SNY092 (H4 G94A), 
SNY093 (H4 G94P), and RMY102 (WT H4 without Asf Myc tag) were used to 
immunoprecipitate Myc tagged Asf1 followed by Western blotting for histone H3 
and H4.  Antibodies to the C-terminal tail of histone H3 and histone H4 K12 
acetylation were used to analyze the binding of histones in complex with Asf1. (C) 
Western blot analysis was used to evaluate the total levels of FLAG tagged 
Rtt109 in the strains MCY073 (WT H4), MCY074 (H4 G94A), MCY075 (H4 
G94P), RYM102 (WT) and SNY093 (WT asf1Δ).  Equivalent amounts of total 
protein extracts were used to load on an SDS-PAGE.  Reduced amounts of H3 
K56Ac in H4 G94P mutants is due to reduced levels of total histone H3 levels 
and is not due to reduced levels of Rtt109, which remains unchanged in H4 
G94P mutants as compared to wild-type.  GAPDH is used as a loading control. 
(D) Western blot analysis was used to evaluate the levels of histone H3 and 
histone H3 K56Ac at 0, 3, 6, and 9 hours after the addition of glucose in the yeast 
strains W1588-4a (WT), MCY043 (asf1Δ), MCY091 (WT H4), MCY094 (H4 
G94A), and MCY097 (H4 G94P).  The loss of total histone H3 protein occurs 
upon repression of histone H3/H4 expressed on a plasmid in strains expressing 
an integrated copy of either WT H4 or mutant H4.  The same DNA equivalents 
(10 µg) were loaded per lane. (Data in Panel A was generated by Jean Scorgie 
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Figure 2.9. Asf1 Does Not Dissociate H3/H4G94P Tetramers from DNA.  
0.8 µM H3/H4G94P or H3/H4ΔG94 histones were incubated with 0.4 µM 5S DNA for 
30 minutes at 20°C.  Unlabeled yAsf1 was then added at increasing 
concentrations (0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0 µM) and the reactions incubated 
for 1 hour. The samples were then analyzed by native PAGE, stained with SYBR 
Green I nucleic acid stain (Invitrogen), and imaged on a Typhoon 9400 variable 
mode imager. The first lane contains DNA without histones or Asf1, the second 
lane contains DNA and H3/H4 with no Asf1, and the remaining lanes contain 
DNA and H3/H4 with increasing concentrations of Asf1.  There is no decrease or 
disappearance of tetrasomes or disomes formed with H3/H4G94P. (The analysis 
was performed by Jean Scorgie and Mair Churchill). 
 
were reduced in total protein extracts from cells expressing H4 G94P (Figure 
2.8C).  In contrast, these levels were unchanged in WT H4 and the H4 G94A 
mutants.  To address whether the levels of H3 K56 Ac were reduced in H4 G94P 
mutants as a consequence of their being less Rtt109, the sole histone H3 K56 Ac 
 transferase (HAT) in yeast, I also analyzed the global levels of this HAT protein 
in WT, H4 G94P, and H4 G94A mutant strains.  I found that the levels of Rtt109 
were unchanged in WT, H4 G94P, and H4 G94A mutant strains.  Surprisingly, I 
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found that reduced levels of H3 K56Ac in H4 G94P paralleled the reduced levels 
of total histone H3 protein (Figure 2.8C) and (Figure 2.8D).  Using a time course 
in which I grew cells under conditions where WT H3/H4 histones are expressed 
on a pGAL plasmid in H4 G94P mutants and then repressed when grown in 
liquid glucose medium.  I observed that between 3 and 6 hours after repressing 
WT histone expression both the levels of histone H3 and H3 K56 Ac are 
dramatically decreased and the histone levels in the H4 G94P mutant are not 
restored to the WT levels even 9 hours after turning off WT histone expression 
(Figure 2.8D).  Given these results, it appears the H3 K56 Ac is reduced in H4 
G94P mutants but the reason for this is likely due to the overall decrease in 
histone levels and not due to reduced levels of the HAT Rtt109.   
Asf1 Does Not Dissociate H3/H4G94P Tetramers From DNA 
 To test whether the accumulation of histones H3/H4 bound to Asf1 in vivo 
in H4 G94P mutants reflected a potential defect in the disassembly of histone 
H3/H4 dimers and tetramers we used an in vitro electrophoretic mobility shift 
assay (EMSA) in which we first incubated H3/H4G94P dimers with 5S DNA and 
then titrated increased amounts of yeast Asf1 protein to measure the amount of 
histones removed from the DNA.  A decrease in the level of disome (H3/H4-DNA) 
and tetrasome ((H3/H4)2-DNA) formation would indicate the removal of histones 
by the histone chaperone Asf1.  However, H4 G94P mutants did not appear to 
dissociate tetramers from the DNA upon addition of increasing amounts of Asf1 
protein (Figure 2.9).  These results showed that similar to WT tetrasomes, 
(Donham et al 2011) H3/H4G94P dimers appeared to bind DNA more tightly in 
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vitro.  One explanation for more H3/H4G94P binding to DNA and not being 
dissociated from the DNA might be due to the additional modifications or proteins 
required for Asf1 to disassemble histones from the DNA (Donham et al 2011).  
H4G94P Does Not Alter the Assembly of Disomes or Tetrasomes 
 To determine whether H4G94P altered the ability of Asf1 to assemble H3/H4 
onto DNA, we used EMSA to examine the formation of disomes and tetrasomes.  
First we incubated H4G94P, H3/H4Δ94, and H4 in separate reactions with Asf1 
before adding DNA.  We also examined H4 with a C-terminal truncation at amino 
acid 94 (H4Δ94) to determine whether the assembly of disome and tetrasome 
formation was dependent on the H4 C-terminal tail.  Our (JS and MC) results 
showed that H4G94P histones did not affect the assembly of disomes or 
tetrasomes relative to WT H3/H4 (Figure 2.10A).  Disomes are a chromatin 
assembly intermediate that have only been observed in vitro and consist of one 
H3/H4 dimer bound to a DNA fragment (Donham et al 2011).  Unlike disomes, 
tetrasomes are chromatin assembly intermediates that are observed both in vivo 
and in vitro. Similarly, the H3/H4Δ94 had no effect on tetrasome assembly, but 
disome formation was decreased as compared to WT H3/H4 (Figure 2.10B 
(Donham et al 2011)).  One explanation for the decrease in disomes seen in 
H3/H4Δ94 mutants could be explained by a defect in the ability of Asf1 to 
dissociate tetramers that could also deplete the H3/H4-Asf1 pool, and decrease 
the amount of H3/H4 dimers assembled into disomes.  These results show that 
although the H4G94P mutation was insufficient to alter the assembly of disomes  
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Figure 2.10. H4 C-terminal Tail but Not H4G94P Is Required for Asf1 Mediated 
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Figure 2.10. H4 C-terminal Tail but Not H4G94P Is Required for Asf1 Mediated 
Disome Formation.  0.8 µM H3/H4G94P (A) or H3/H4Δ94 (B) dimer and 80 bp 5 S 
DNA (0.4 µM) were prepared and compared to wild-type (WT) H3/H4 for their 
ability to form tetrasomes and disomes in the presence and absence of Asf1 (0, 
0.8, 2.0 µM).  DNA bands in top panels were visualized by SYBR Green I and 
lower panels show quantitation of disomes and tetrasomes formed from at least 
three independent experiments.  Tetrasomes and disomes were normalized to 
the WT H3/H4 sample in the absence of Asf1. (This data was generated by Jean 
Scorgie and Mair Churchill). 
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Figure 2.11. H4 G94P Mutants Have Reduced Amounts of Chromatin 
Bound Histones.  (A) Chromatin fractionation from total protein extracts and 
equivalent cell numbers from the strains MCY073 (WT H4), MCY074 (H4 
G94A), and MCY075 (H4 G94P) fractionated into supernatant (S) and pellet 
(P).  The supernatant contains soluble proteins and free histones and the 
pellet contains chromatinized histone proteins.  Tubulin is a marker found only 
in the soluble fraction. Amido black staining of the protein membrane shown at 
the bottom shows the relative protein loading for each lane used for Westen 
blot analysis. 
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and tetrasomes in vitro, the H4 C-terminal tail and Asf1 played a role in the 
dissociation of H3/H4 tetrasomes into H3/H4 disomes.   
H4 G94P Mutants Have Reduced Amounts of Histones on the Genome 
 To determine whether the reduced total levels of histone H3 (Figure 2.8C) 
in H4 G94P mutants was caused by a loss of histones from the genome or a loss 
of free histones, I used chromatin fractionation to separate the free and 
chromatin-bound histones and then measured the levels of histones H3 and H4 
in each fraction.  I discovered that the global loss of histones H3 that I had 
previously observed in H4 G94P mutants correlated with a loss of histones from 
chromatin (Figure 2.11).  This is in agreement with the increased level of H4 
K12Ac in the H4 G94P mutant (Figure 2.8C) given that this is a modification that 
is enriched on free histones prior to their assembly onto chromatin and rapidly 
deacetylated upon assembly.  These results indicate that H4 G94P has a defect 
in assembling histones onto DNA or could be an indication that if histones are 
assembled they are not stable in the H4 G94P mutant. 
 To validate the loss of histones from chromatin in H4 G94P mutants by 
another method, I examined the nucleosome density and spacing in H4 G94P 
mutants using microccocal nuclease (MNase) accessibility analysis to measure 
the formation of mono-nucleosomes, di-nucleosomes, tri-nuclosomes, and oligo-
nucleosomes.  I compared the formation of nucleosomal ladders formed in H4 
G94P mutants to WT and discovered that although the MNase accessibility 
patterns were similar 8.5 hours after repressing WT H4 expression, the 
nucleosomal ladders in H4 G94P mutants became more diffuse (Figure 2.12).   
	  
















































0 hrs Glucose: 
Time 
 
Figure 2.12. H4 G94P Mutants Exhibit a More Diffuse Nucleosome Pattern in 
vivo than Wild-type H4.  Micrococcal nuclease (MNase) accessibility is not 
increased in H4 G94P mutants but the ladders become diffuse.  Ethiduim 
bromide stained gel of MNase treated chromatin from strains MCY091 (WT H4) 
and MCY097 (H4 G94P) 0 hours and 8.5 hours after repressing wild-type H4 
expression.  Densitomitry traces illustrate diffuse ladders in H4 G94P mutant. 
	  
	   68 
To examine whether the reduced global levels of histones observed by Western 
blot (Figure 2.8D) and the reduced levels of histones H3 and H4 seen by 
chromatin fractionation (Figure 2.11) was due to the inability of H4 G94P to be 
assembled into chromatin, I wanted to find out whether the loss of histones could 
also be detected by chromatin immunoprecipitation analysis (ChIP) at a variety of 
genomic locations throughout the yeast genome.  I analyzed the histone 
occupancy using antibodies specific to histone H2A (Figure 2.13B) and histone 
H3 (Figure 2.13A,C) at a variety of genomic locations, but consistent with my 
MNase results the histone occupancy was not significantly altered in the H4 
G94P mutants (Figure 2.13A-C).  One explanation for why I detected reduced 
amounts of chromatin-bound histones via chromatin fractionation analysis 
(Figure 2.11) but only detected minor changes in the MNase accessibility (Figure 
2.12) and genomic occupancy of histones (Figure 2.13) in H4 G94P mutants is 
because there may be a mixed population of histones that are being detected by 
these assays.  It is possible that only histones tightly bound within nucleosomes 
are being monitored by the MNase and ChIP analyses and that there is another 
population of histones that are loosely bound within the nucleosome and not 
detectable by these assays but are absent from the H4 G94P mutant.  The 
rationale for this comes form the idea that Asf1 and Rtt109 mutants are more 
resistant to MNase digestion than WT cells (Adkins et al 2004, Driscoll et al 
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H4G94P Prevents Histone Assembly into Stable Octamers in vitro 
 To determine whether reducing the conformational flexibility of the C-
terminal tail of histone H4 would alter histone octamer formation in vitro, we used 
size-exclusion chromatography to assembly three histone octamers (Dyer et al 
2004) containing histone H2A, H2B, H3, and either WT H4, H4G94P, or H4Δ94.  
Both H4G94P and H4Δ94 octamers had elution profiles that resembled H3/H4 
tetramers and H2A/H2B dimers instead of octamers (Figure 2.14A).  These 
proteins were further confirmed via SDS-PAGE and MALDI-TOF (Figure 2.15).  
The results showed that both H4G94P and H4Δ94 were unable to effectively 
assemble into octamers in vitro and that the H4 C-terminal tail is important for the 
integrity of histone octamer stability.  
H4G94P Mutants form Unstable Nucleosome Core Particles in vitro 
  Given that H4G94P mutation reduces the ability of histones to form stable 
histone octamers, we (JS and MC) wanted to test whether this mutation also 
affected the ability of histones to form nucleosome core particles (NCPs), so we 
assembled histones H2A, H2B, H3, and WT H4, H4G94P, or H4Δ94 onto the 601 
nucleosome positioning DNA fragment (Lowary & Widom 1998).  NCPs were 
made by salt dialysis via the reconstitution of H3/H4 tetramers and H2A/H2B 
dimers plus DNA.  Our results demonstrated that the NCPs formed by H4G94P 
were similar in electrophoretic mobility to those formed by WT NCPs (Figure 
2.14B,C).  Nucleosome stability is defined as the tolerance of a particle to 
increased heat and ionic strength (Park et al 2004).  Although H4 G94P mutants 
form NCPs in vitro, they are less stable to ionic strength than WT NCPs and form  
	  






























































































































































Figure 2.13. Histone H3 Occupancy on the Genome as Measured by ChIP Is 
Not Significantly Altered in the H4G94P Mutant.   
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Figure 2.13. Histone H3 Occupancy on the Genome as Measured by ChIP Is 
Not Significantly Altered in the H4G94P Mutant.  (A-C) Chromatin 
Immunoprecipitation (ChIP) using antibodies to histone H3 and histones H2A at a 
variety of genomic locations as listed in materials and methods.  Shown are the 
average and standard deviation of three independent experiments.  WT H4 
expression was repressed for 8 hours prior to ChIP. (A) Strains (RMY102 
derivatives) that constitutively express histone H4 as indicated. (B) and (C) 
Strains that required WT H4 to be repressed by the addition of glucose.  Shown 
are an average and standard deviation of three independent experiments. 
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Figure 2.14. H4G94P and H4Δ94 Fail to Form Stable Octamers in vitro.
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Figure 2.14. H4G94P and H4Δ94 Fail to Form Stable Octamers in vitro. (A) WT 
octamers were prepared using full-length proteins.  Solid lines refer to the elution 
profiles of WT H3/H4 octamer, H3/H4 tetramer, and H2A/H2B dimers. The solid 
dark line refers to H4G94P and the dotted line to H4Δ94.  H4G94P and H4Δ94 exhibit a 
combination of elution profiles similar to H2A/H2B dimers and H3/H4 tetramers. 
(B) H4G94P and H4Δ94 form nucleosome core particles (NCPs).  The 146 bp 601 
DNA fragment was used to assemble NCPs from H2A, H2B, H3, H4WT, H4Δ94, 
H4G94P using salt dialysis, direct addition microscale reconstitution (DNA + 
octamer), and microscale reconstitution (DNA + H3/H4 + H2A/H2B).   Lower 
panels are Western blots of histones H3 and histone H2B in NCPs formed. H4Δ94 
and H4G94P NCPs were formed using microscale reconstitution. Arrows indicate 
the position of the WT and aberrant NCPs (Dyer et al 2004). (C) Electrophoretic 
mobility shift assay of NCP stability containing H4WT, H4Δ94 or H4G94P incubated 
with NaCl (200, 400, 600 mM). The arrows indicate tetrasome formation, NCP 
formation, or 146 bp free DNA. (This data was generated by Jean Scorgie and 
Mair Churchill). 
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unstable octamers (Figure 2.14C).  Similarly, the NCP stability of H4Δ94 mutants 
is reduced (Figure 2.14B) and these NCPs resemble H2A C-terminal truncation 
mutants (Shukla et al 2011).  These results indicate that in vitro nucleosome core 
particle stability is compromised in H4 G94P mutants, and that the flexibility of  
 the H4 C-terminal tail is important for forming stable NCPs in vitro. 
H4G94P Containing Nucleosomes Remodeling Is Slow and Incomplete as 
Compared to Remodeling of WT Nucleosomes 
 In order to determine whether the diffuse nucleosome ladders I had 
observed in H4 G94P mutants in vivo (Figure 2.12) was indicative of defective 
nucleosome remodeling, we examined whether H4 G94P mutant histones 
incorporated into NCPs could effectively be remodeled by the ATP dependent 
chromatin remodeler, chromodomain-helicase-DNA binding protein 1 (Chd1) or 
d-ATP-utilizing chromatin assembly and remodeling factor (ACF) in vitro.   To 
test this, we incubated NCPs with each of the ATP dependent chromatin 
remodeling complexes and then used EMSAs to measure whether the NCP had 
shifted positions on the DNA.  Our results showed that ACF and Chd1 shift WT 
nucleosomes (~50%) better than H4G94P mutant containing NCPs (Figure 2.16).  
In addition, a time course revealed that remodeling of H4G94P nucleosomes by 
Chd1 was much slower and incomplete as compared to WT nucleosomes 
(Figure 2.16B).  The decreased efficiency and incomplete remodeling of 
nucleosomes in H4 G94P mutants in vitro could presumably explain the diffuse 
nucleosome pattern in the H4 G94P mutants seen by MNase analysis in vivo  
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Figure 2.15. H4G94P Mutants Are Unable to Effectively Assemble into 
Octamers in vitro.  Fractions from size exclusion of wild type and mutant 
octamers were run on 18% SDS-PAGE. MALDI-TOF was then conducted on the 
fractions. The band and spectrum of representative fractions is shown for 
octamer composed of wild type H4 (1), H3/H4G94P (2) and (3), H3/H4Δ94 (4) and 
(5). (This data was generated by Jean Scorgie and Mair Churchill).    
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Figure 2.16. H4 G94P Containing Nucleosomes Are Assembled Less 
Efficiently by Chromodomain-helicase-DNA-binding protein 1 (Chd1) or 
ATP-utilizing chromatin assembly and remodeling factor (ACF) than Wild-
type Nucleosomes.  (A) Nucleosome slide assays using 12 nM nucleosome 
core particles were incubated with dACF and or 1 nM Chd1 for 120 minutes and 
the reactions were quenched by the addition of 1 µg of 5 S rDNA.  Wild-type 
NCPs shifted in the presence of both dACF and Chd1, but H4G94P nucleosomes 
exhibited incomplete assembly as bands were not fully shifted.  (B) H4G94P and 
H4Δ94 were incubated with Chd1 for 0, 5, 10, and 120 minutes at 25°C.  After 120 
minutes Chd1 shifts 50% of WT NCP, with significantly less NCP shifted in the 
H4 G94P mutant after 120 minutes.  In the absence of ATP, Chd1 cannot shift 
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(Figure 2.12).  The diffuse nucleosome ladders seen in H4 G94P cells suggest 
there may be inaccurate nucleosome spacing in H4 G94P mutants that is 
normally maintained by ATP-dependent chromatin remodelers such as Chd1 or 
ACF. 
Discussion 
The H4 C-terminal tail (G94-L97) undergoes a dramatic 180° 
conformational change that rotates on glycine residue 94 upon binding to the 
histone chaperone Asf1.  It has previously been shown that deletion of the last 
eleven amino acid residues on the H4 C-terminal tail in budding yeast causes cell 
death, indicating the biological importance of these residues.  We hypothesized 
that this conformation change in the C-terminal tail of H4 may promote 
downstream interactions that could affect the release of histones to chaperones  
 or to the DNA during chromatin assembly.  Therefore, to study the impact of this 
conformational change in vivo using budding yeast, I used site directed 
mutagenesis to substitute histone H4 glycine 94 with either a proline or an 
alanine.  Substituting the glycine with a proline was predicted to have the most 
restricted number of structural conformations due to the least amount of steric 
hindrance, while substitution with an alanine was predicted to restrict the 
conformational flexibility, but to a reduced extent as compared to the proline 
substitution.  Both of these mutations were integrated into the budding yeast 
genome, however, the H4 G94P mutation had a more severe phenotype than H4 
G94A mutation, which caused the cells to be sick or die depending on the yeast 
genetic background and depending on whether the mutant histones with the 
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proline substitution were integrated into the genome or were expressed from a 
plasmid. 
 When the hhf2 G94P mutation is integrated as the only copy of histones in 
the yeast genome the cells are inviable (Table 2.1).  One explanation for why H4 
G94P mutants are inviable in yeast could be due to the dramatic decrease in 
histone levels in this mutant (Figure 2.8).  It is possible that the H4 G94P makes 
the histones more likely to be degraded due to the altered histone conformation.  
If for some reason the H4 G94P mutation prevents chromatin assembly in vivo  
when it is integrated as the only copy of histones, it could lead to an increase in 
free histones that are degraded by a Rad-53 dependent mechanism (Singh et al 
2009a, Singh et al 2009b).  However, when H4 G94P is supplied on a plasmid 
the cells are viable but exhibit an abnormal cell cycle profile and slow growth 
defect (Figure 2.1).  One explanation for why H4 G94P mutants are viable when 
they are supplied as the only histones on plasmids but are inviable when 
integrated as the only mutant copy of histones in the genome could be due to 
plasmid number variation.  One of the differences between expressing a histone 
gene on a plasmid as opposed to expressing the histone with the mutation 
integrated into the genome is that a plasmid could have multiple copies in the cell, 
whereas an integrated copy of the mutant histone ensures only a single histone 
copy is expressed.  A second explanation for the differences in viability could be 
differences in the genetic strain backgrounds between the H4 G94P mutant that 
were integrated into the genome  (strain background W1588) as compared to the 
genetic strain background of the H4 G94P mutant supplied on a plasmid (strain 
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background RMY102).  It is not uncommon to find the same histone mutation be 
lethal in one yeast strain background and “sick” in another (Dai et al 2008, 
Nakanishi et al 2008). 
The crystal structure of Asf1 bound to an H3/H4G94P dimer revealed that 
the H4G94P mutation results in a slight alteration in the Asf1-H3/H4G94P structure 
as compared to WT (Figure 2.8B).  Although the binding affinity of Asf1 to H3/H4 
G94P was unaffected in vitro, I found in vivo that H4 G94P mutants have more 
histones H3 and H4 binding to Asf1 (Figure 2.8B).  One initial explanation for 
these results was that the H4 G94P mutation could be a dominant mutant as it 
was sequestering more histones than WT.  However, because the H4 G94P 
mutant did not exhibit a dominant phenotype, we concluded that the G94P 
mutation was recessive (Table 2.1). 
 Unexpectedly, histone H4 G94P reduces the total levels of histones.  I 
wanted to determine whether the reduced total levels of histone H3 (Figure 2.8C) 
in H4 G94P mutants was caused by a loss of histones from the genome or a loss 
of free histones.  I determined by chromatin fractionation that a majority of the 
histone loss was due to fewer chromatinized histones (Figure 2.12).  The 
absence of free histones in the soluble fraction indicated that histones were 
potentially degraded. Therefore, to further validate that the reason the H4 G94P 
mutants had fewer histones on the genome I used a ChIP assay to analyze the 
histone occupancy using antibodies specific to histone H2A (Figure 2.13B) and 
histone H3 (Figure 2.13A,C) at a variety of genomic locations, but I did not see 
much of a difference between the histone occupancy in the WT as compared to 
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the H4 G94P mutants.   I also used an MNase accessibility assay to monitor any 
changes in the chromatin structure between nucleosomes assembled with WT 
H4 and H4 G94P.   One explanation for why I detected reduced amounts of 
chromatin-bound histones via chromatin fractionation analysis (Figure 2.11) but 
only detected minor changes in the MNase analysis and genomic occupancy of 
histones (Figure 2.13) in H4 G94P mutants is because there may be a mixed 
population of histones that are being detected by these assays.  It is possible that 
only histones tightly bound within nucleosomes are being monitored by the 
MNase and ChIP analyses and that there is another population of histones that is 
loosely bound within the nucleosome and not detectable by these assays and is 
absent from the H4 G94P mutant.  The rationale for this comes form the idea that 
Asf1 and Rtt109 mutants are more resistant to MNase digestion than WT cells 
(Adkins et al 2004, Driscoll et al 2007).       
Although the chromatin structure in the H4 G94P mutant does not appear 
to be disrupted from the MNase and the ChIP analysis, it is possible that the 
flexibility of the H4 C-terminus is important for the disassembly of histones from 
chromatin or remodeling of nucleosomes.  The MNase analysis revealed that H4 
G94P mutants have diffuse nucleosomal ladders that indicate either rapid 
repositioning or random spacing of the nucleosomes within the cell.  However, if 
the nucleosomes in the H4 G94P were repositioning, then the MNase 
accessibility should have increased, but this was not observed.  Therefore, we 
suggest that the H4 G94P nucleosomes are not accurately spaced on the 
genome.  Nucleosomes that are evenly spaced require ATP-dependent 
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nucleosome remodelers.  Interestingly, we found in vitro that NCPs formed with 
H4 G94P were remodeled less efficiently by Chromodomain-helicase-DNA 
binding protein1 (Chd1) or ATP-utilizing chromatin assembly and remodeling 
factor than wild-type nucleosomes.  These results suggested that the flexibility of 
the H4 C-terminal tail was important for efficient NCP remodeling in vitro. 
Distortions caused by the H4 G94P mutation prevent the formation of 
stable histone octamers in vitro.  The most plausible explanation for why H4 
G94P fails to form octamers could be that the glycine to proline substitution 
severely limits the conformational flexibility of the H4 C-terminus necessary to 
interact with other histones in the histone octamer.  When the H4 C-terminal tail 
is in the context of the nucleosome it forms a parallel beta sheet with H2A, which 
is involved in the docking of the H2A/H2B dimers to the H3/H4 tetrasome.  The 
interaction between the H4-Cterminal β-strand and the H2A beta sheet is one of 
several contacts between the H2A/H2B dimer and H3/H4, which help to stabilize 
the nucleosome.  Furthermore, deletion of the H4 C-terminal tail from residue 97-
102, causes lethality in yeast (Kayne et al 1988), which suggests that the there is 
a critical interaction that is altered by the H4 G94P mutation. 
We found that histone octamers formed with H4G94P and H4Δ94 were 
unstable.    Similar to the H4G94P mutant we found that H2AV101I destabilizes 
nucleosomes and suppresses a defect in the chromatin remodeler FACT 
(McCullough et al 2011).  Deletions of the H2A docking region destabilize 
nucleosomes and have an altered electrophoretic mobility similar to H4Δ94 NCPs 
(Shukla et al 2011).  This reason was also important for nucleosome remodeling 
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by RSC (Shukla et al 2011).   These results suggest that nucleosome remodeling 
is highly sensitive to perturbations that occur between the H4 C-terminal tail and 
histone H2A.  Therefore, from these studies we can conclude that substitution of 
H4 G94 for a proline decreases the flexibility of the H4 C-terminal tail and hinders 
nucleosome remodeling and the correct assembly of histone octamers.   
Altering the conformational flexibility of the C-terminal tail of histone H4 
has severe consequences that are exhibited when histone H4 G94 is substituted 
for a proline.  Although the H4 G94P mutant has detrimental effects on the cell 
that include reduced viability, nucleosome formation was not altered in vivo.  
However, histone octamer stability and nucleosome sliding ability were altered in 
vitro.  These studies highlight the importance of the flexibility of the H4 C-terminal 
tail both in vivo and in vitro. 
Note 
 Experiments in this chapter were conducted either independently by Jean 
Scorgie (JS) or Myrriah Chavez (MC), or collaboratively by both. Contribution to  
the main experimental performances and data are listed under each figure 
legend and mentioned in the main text. 
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CHAPTER III 
THE LOSS OF CHROMATIN STRUCTURE DURING REPLICATIVE AGING 
LEADS TO INCREASED DNA DAMAGE AND ACTIVATION OF THE DNA 
DAMAGE CHECKPOINT2
Abstract2 
DNA damage has long been proposed to be a factor in aging process 
(Alexander 1967).  In mammals, oxidative damage is linked to diseases of aging 
(Holmes et al 1992), mutations in DNA repair proteins lead to Progeria 
Syndromes (Ding & Shen 2008), and manipulations that shorten telomeres 
promote premature aging (Chang et al 2004, Multani & Chang 2007).  Recently, 
the global loss of the histone protein subunits from chromatin during aging has 
been shown to be a cause of aging, while over expression of histones extends 
lifespan (Feser et al 2010).  This is not a yeast specific cause of aging in yeast as 
the loss of histones also occurs during mitotic aging of human fibroblasts 
(O'Sullivan et al 2010, Shah et al 2013).  Given the importance of maintaining 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Portions of this chapter are modified from our manuscript “Nucleosome loss 
leads to global transcriptional up-regulation and genomic instability during yeast 
aging” Hu et al. 
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chromatin integrity, I predicted that the open chromatin structure during aging in 
old cells could lead to either increased DNA damage or defective DNA repair.  
Indeed, some correlations between increased genomic instability and yeast 
replicative aging have been reported previously, these include the accumulation 
of extrachromosomal ribosomal DNA circles (ERCs) and reactive oxygen species 
(ROS) (Kaeberlein et al 1999, Shcheprova et al 2008).  However, no conclusive 
evidence has shown that genomic instability is a causative factor of aging in 
mitotic cells. To investigate whether genomic instability increases during aging, I 
used a variety of methods to detect DNA damage during aging by first 
determining whether the DNA damage checkpoint was activated during aging.  I 
then assessed the types of DNA damage that occur during replicative aging.  My 
analysis revealed that older cells accumulate enough DNA damage to activate 
the DNA damage checkpoint using γH2A foci analysis and most of the γH2A 
accumulates at the ribosomal DNA (rDNA) locus and mitochrondrial DNA 
(mtDNA).  The increase in γH2A could reflect the accumulation of increased 
chromosomal translocations that occur within chromosome XII and mitochondrial 
DNA translocations that occur in the genome during aging (Hu et al 2014).  In 
part, the DNA damage that contributes to the activation of the DNA damage 
checkpoint is caused by increased amounts of nicks, double, and single stranded 
breaks detected by TUNEL staining.  Additionally, the loss of chromatin integrity 
results in unregulated gene expression, which leads to increased Ty 
retrotransposon gene expression.  Normally, Ty elements or retrotransposons 
are assembled into a repressive chromatin structure but are mobilized via an 
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RNA intermediate and reverse transcription.  However, during aging the loss of 
histones from chromatin results in increased transcription, increased Ty genomic 
DNA, and increased Ty retrotransposition frequency that likely occurs as a 
consequence of aging.   
Introduction 
 Aging is the highest risk factor for cancer and is the driver of pre-mature 
aging diseases like Progeria syndrome (Opresko et al 2003).  There is an age 
dependent correlation associated with the incidence of cancer in humans and 
genomic instability (DePinho 2000).  Thus it is important to remember that cancer 
and aging share common origins with the underlying process of accumulating 
cellular damage being the same, however, the diseases themselves manifest 
differently.  Similarly, the number of loss of heterozygosity events (LOH), which is 
a type of genomic instability in budding yeast, increases during replicative aging 
in budding yeast (McMurray & Gottschling 2003).  Because the basic 
fundamental mechanisms of aging are conserved from budding yeast to higher 
eukaryotes (Longo et al 2012), our lab studies replicative aging in yeast as a 
model for understanding mitotic aging process in larger eukaryotes.  
The packaging of chromatin is important for a variety of genomic 
processes in the cell, which includes DNA replication, DNA repair, and 
transcription.  Maintaining the integrity of chromatin is important in regulating 
nucleosome accessibility and ultimately genome stability.  It has been previously 
shown that during replicative aging the integrity of chromatin is compromised via 
	  




























Figure 3.1. Replicatively Aged Cells Have Increased γH2A Foci Detected by 
Immunofluorescence during Aging.  Indirect immunofluorescence using an 
antibody to phospho-H2A S129 (γH2A)  was used to detect endogenous DNA 
damage in young and old cells in the strain ZHY2 derived from the strain 
background UCC5181.  Cells were isolated as described in Materials and 
Methods.  Cell nuclei were visualized with DAPI and DIC images show cell 
morphology.  γH2A foci is indicated by red arrows, while the number of γH2A foci 
in young and old cells is quantified in a graph on the right. 100-200 cells were 
scored for γH2A foci in three independent experiments.  Shown on the right is an 
average of three independent experiments and standard deviation of the 
percentage of cells with γH2A foci.   
 
the profound loss of histone density from the DNA during replicative aging, which 
occurs as a consequence of reduced protein synthesis of histones (Feser et al 
2010).  In contrast, the overexpression of histones extends lifespan, thus 
revealing the loss of histones as a cause of replicative aging in budding yeast 
(Feser et al 2010).  The loss of histones in budding yeast is recapitulated in 
human fibroblasts with reduced synthesis of new histones in latter cell divisions  
(O'Sullivan et al 2010).  Similarly, senescent human cells both in vitro and in vivo 
exhibit a loss of histones (Ivanov et al 2013).  Based on the observation that 
there are fewer histones on chromatin during aging, one might presume that the 
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chromatin structure would be in a more “open” state that could potentially make 
the chromatin more susceptible to both endogenous and exogenous DNA 
damage.  It is possible that with a more open configuration the accumulation of 
DNA damage accompany aging.  Furthermore, given the key role of histone 
modifications in DNA repair, lesions in a histone depleted environment may not 
be repaired efficiently.  Currently, there is not any conclusive evidence that 
directly links genomic instability as a cause of aging.  Here I investigated whether 
DNA damage was elevated during replicative aging, and if so which genomic 
regions contained more DNA damage.  Furthermore, I examined whether 
retrotranspson transcript levels, retrotransoson DNA levels, and the frequency of 
retrotransposition were increased during aging.  
Results 
Replicatively Aged Cells Have an Increased DNA Damage Checkpoint Activation 
Detectable by Immunofluorescence  
To investigate whether aged mother cells accumulate enough 
endogenous DNA damage to activate the DNA damage checkpoint, I used a 
phosphorylated histone H2A (γH2A) specific antibody to detect DNA damage foci 
during aging.  First, I isolated young and old cells using the mother enrichment 
program and then used indirect immunofluorescence to detect DAPI and γH2A 
foci in young and old cells using fluorescence microscopy.  The rapid formation 
of γH2A adjacent to DNA double strand breaks is the earliest response that 
occurs upon DNA damage (Rogakou et al 1999).   In budding yeast histone H2A 
serine 129 is phosphorylated (termed γH2A), while in higher eukaryotes histone 
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variant H2AX serine 139 is phosphorylated (termed H2AX) by the yeast kinases 
Mec1p and Tel1p and the mammalian phosphatidylinositol-3 kinase-like kinases 
(PI3KKs) ataxia-telangiectasia-mutated (ATM) and ATM-Rad3-related (ATR) 
(Downs et al 2000, Rogakou et al 1998), respectively, causing γH2A to spread 
over large chromosomal domains upon DNA damage induction (Redon et al 
2003, Rogakou et al 1999).  I quantified the number of DNA damage foci in 
young and old cells by counting at least one hundred cells with a positive signal 
of γH2A above background γH2A levels.  My results demonstrated a three-fold 
increase in γH2A foci in cells that were at least 25 generations old (Figure 3.1).  
The advantage of using this technique is that I could detect the activation of the 
DNA damage checkpoint at the single-cell level by counting the number of γH2A 
foci per yeast nuclei.  These results demonstrated that although every old cell 
does not have the DNA damage checkpoint activated, the overall aged 
population of yeast have increased DNA damage. 
Activation of the DNA Damage Checkpoint Protein Rad53 is Not Detectable by 
Western Blot during Aging  
To further validate the activated DNA damage response I observed via 
increased γH2A foci via immunofluorescence during aging, I used Western blot 
analysis to determine whether a population of old cells could accumulate enough 
DNA lesions to trigger the intra-S-phase checkpoint via phosphorylation of Rad53.  
First, I used Western blot analysis using a monoclonal Rad53 antibody and 
phosphorylated Rad53 (Rad53ph) to detect activation of the DNA damage  
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Figure 3.2. Western blot Analysis Is Not Sensitive Enough to Detect 
Activation of the DNA Damage Checkpoint Protein Rad53 during Aging.  
(A) An equal number of young and old cells (2 x10 7 cells) were collected from 
the strain ZHY2 as described in the Materials and Methods.  Trichloroacetic acid-
induced protein precipitation was used to concentrate the Rad53 protein. The 
sample was resuspended in laemmli buffer, boiled, and then analyzed by an 8 % 
SDS-PAGE followed by Western blot probing using an anti-Rad53 antibody and 
an anti-tubulin antibody.  Tubulin was used as an internal loading control.  An 
equal number of cells in culture were treated with 0.02% Methylmethane 
sulfonate (MMS) for 2 hours, washed with YEP, and harvested and then 
analyzed on by SDS-PAGE as described. Cells treated with MMS were used as 
a positive control for the Western blot as they display an upward band shift 
indicative of phosphorylated Rad53. (B) Similar to (A), using a Rad53 
phosphorylation specific antibody.
	  













































Figure 3.3. Telomeres Do Not Shorten during Replicative Aging. 
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Figure 3.3. Telomeres Do Not Shorten during Yeast Replicative Aging. 
Southern blot analysis of bulk telomere length in young and old cells indicates 
that there was not a significant difference.  DNA from an equivalent number of 
young and old cells (~25 generations old) was isolated as described in Materials 
and Methods from the strain ZHY2 and the genomic DNA was digested with the 
restriction enzyme XhoI.  Lanes labeled #1 and #2 correspond to two 
independent isolates harvested from young and old cells.  A 650-700 bp 
XhoI/BamHI fragment from Ap135 was randomly labeled with P32-dG and P32-
dC to detect the bulk region of telomere fragments within the subtelomereic Y’ 
region.   
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checkpoint (Figure 3.2). 
As a positive control I treated cells with the alkylating agent methyl 
methanesulfonate (MMS), a DNA damaging agent known to cause DSBs in high 
concentrations.  Rad53 is a serine/threonine/tyrosine kinase (Stern et al 1991) 
that acts downstream of the sensor kinases Mec/Tel1 (ATM/ATR) in promoting 
DNA repair by signaling S-phase arrest but it does not directly contribute to DNA 
damage repair.  I found that although I could detect Rad53ph in cells treated with 
MMS, I was unable to detect the phosphorylation of Rad53 in my old population 
of cells (Figure 3.2).  It is possible that the reason I failed to detect either 
Rad53ph (Figure 3.2B) or see the Rad53 phosphorylation shift (Figure 3.2A) in 
the gel during aging is because the Western was not sensitive enough to detect 
DNA breaks in old cells due to the DNA damage being activated in only a fraction 
of my old population.  Also, for this assay to work, all Rad53 molecules in the cell 
would need to be phosphorylated which would only occur upon extensive or 
persistent DNA damage.  An alternative explanation is that the lesions that 
accumulate during aging do not activate the DNA damage checkpoint, but 
instead are repaired during ongoing DNA synthesis.  One disadvantage of using 
Rad53 Western blot analysis to detect DNA damage in my old cell population is 
that the result represents an average of a pool of cells and it is not very sensitive.  
Aged Cells Greater Than Twenty Generations Do Not Show Changes In 
Telomere Length 
Telomeres shorten and activate the DNA damage response in mammals 
(Fumagalli et al 2012).  It has been shown that as normal human fibroblasts age 
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the ends of their chromosomes or telomeric DNA sequences shorten           
(Harley et al 1990) with each cell division, resulting in chromosomal instability 
(Saksela & Moorhead 1963).  Furthermore, it has been predicted by a stochastic 
two-state switching model that human fibroblast cells in later cell passages 
(“older cells”) that lack telomerase become uncapped and enter a senescent 
state causing them to exit the cell cycle (Blackburn 2000, Fumagalli et al 2012).  
Similar to human fibroblasts, budding yeast also divide a finite number of times 
and exhibit a lifespan measured by the number of cell divisions.  To determine 
whether the DNA damage checkpoint was activated in old yeast due to the 
shortening of telomeres during aging, I used Southern blot analysis and a 
randomly labeled telomere specific probe using radioactive dGTP and dCTP to 
measure the length of telomere ends in young and old cells.  I examined whether 
old yeast cells might have more DNA damage as a result of more chromosomal 
instability due to their telomeres shortening during aging.  However, I found that 
the bulk length of telomeres in the older yeast cells did not change with respect 
to the telomere length in younger cell population (Figure 3.3), suggesting that the 
DNA damage I detected via γH2A foci analysis (Figure 3.1) was not due to the 
shortening of telomeres but potentially due to the accumulation of other genomic 
lesions activating the DNA damage checkpoint. 
γH2A Is Enriched at the rDNA Locus and mtDNA during Aging 
To address where the DNA damage was localized on the yeast genome 
during aging, I used ChIP-sequencing analysis using a γH2A specific antibody.  
Based on my immunofluorescence data indicating an increase in DNA damage 
	  















































































































Figure 3.4. γH2A Is Enriched At the ribosomal DNA locus (rDNA) and in the 
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Figure 3.4. γH2A Is Enriched At the ribosomal DNA locus (rDNA) and in the 
mitochondrial DNA (mtDNA) during Aging. Chromatin immunoprecipitation 
analysis harvested from equivalent number of cells (2 x 10 8 cells) using an 
antibody to phospho-H2A S129 (γH2A).  Samples were submitted for paired-end 
sequencing. Shown above is a snapshot of the UCSC genome browser and the 
relative levels of sequencing reads in young and old cells found at the ribosomal 
DNA locus (rDNA) (top panel) and on the mitochondrial genome (mtDNA) 
(bottom panel).  (The data in panel A was done in collaboration with Sangita Pal 
and Chin-Chuan Chen). (B)  Sequence reads generated from the γH2A-ChIP 
were normalized to young cells and the relative γH2A fold change was 
determined in the mitochondria, rDNA, Ty elements, and whole-genome during 
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(Figure 3.1), I wanted to find out whether DNA damage that accumulates during 
aging localized to a specific genomic region or whether the damage was 
randomly distributed across the yeast genome.  An equivalent number of young 
and old cells was harvested for each ChIP-sequencing experiment.  In addition to 
using the same number of cells, a spike-in control containing nucleosome length 
fragments was added into each of the sequencing reactions at an amount 
proportional to the same number of cells, in order to allow normalization of the 
data.  As a negative control for this ChIP assay, a histone H2A S129 mutant was 
used to subtract non-specific signal detected by the γH2A antibody.  γH2A 
detected in the H2A S129 mutant was subtracted from the γH2A signal detected 
in the young and old cells to calculate the relative levels of γH2A in young and 
old cells.  I observed via ChIP-sequencing analysis in young and old cells that a 
majority of the DNA damage detected by γH2A localization accumulated at the 
rDNA locus and the mitochondrial DNA (mtDNA).  The damage was enriched 
five-fold during aging at the rDNA locus as compared to young cells and was 
enriched ten-fold at the mtDNA (Figure 3.4).  Interestingly, the high enrichment of 
γH2A at these locations is likely due to an increase in inter- and intra-
chromosomal translocations, which happen at a higher frequency at both the 
rDNA locus (chromosome XII) and the mtDNA during replicative aging (Hu et al 
2014).  It is possible that additional sites of DNA damage were present in the 
older cells but went undetected by ChIP-sequencing analysis due to a lower 
frequency of DNA damage as compared to the extensive DNA damage that 
accumulated at the rDNA and mtDNA. 
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Aged Cells Have Increased Amounts of DNA Damage during Aging by TUNEL 
Analysis 
To examine directly whether there were more DNA double strand breaks, 
single strand breaks, and nicks during aging in old cells as compared to younger 
cells, I used a terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling 
(TUNEL) staining assay to incorporate a fluorescent labeled nucleotide at the 3’ 
end of DNA break sites (Figure 3.5).  Although variations on the TUNEL assay 
have been previously used to measure markers of apoptosis during chronological 
aging (Herker et al 2004) and replicative aging (Laun et al 2001) in budding yeast,  
my results demonstrate that during replicative aging the number of old cells with 
DNA breaks are elevated during aging.  It is likely that the increase in DNA breaks 
does not reflect an increase in apoptosis as the levels of Annexin IV are are 
unchanged in old cells as compared to young cells (Hu et al 2014). 
DNA Lesions That Prevent PCR Amplification Are Increased during 
Chronological Aging but Not Detectably so during Replicative Aging 
 To measure the accumulation of endogenous DNA lesions during 
chronological aging, I used a multiplex qPCR assay to detect a variety of DNA 
lesions such as abasic sites, strand breaks, and base modifications induced 
during aging.  Spontaneous DNA lesions from both endogenous and exogenous 
DNA damage range from 104 to 105 damages per mammalian cell per day 
(Diderich et al 2011).   These genomic lesions can arise due to methylation, 
oxidation, or deamination (Cadet et al 2003).  Replicatively senescent cells have 
been reported to accumulate lesions caused by oxidative DNA damage    
	  
































Figure 3.5. Aged Cells Have Increased Amounts of DNA Breaks during 
Aging by TUNEL.  Indirect immunofluorescence using terminal deoxynucleotidyl 
transferase (TdT) dUTP nick-end labeling (TUNEL) staining assay labels DNA 
strand breaks, abasic sites, and base modifications in young and old cells.  DAPI 
used to visualize nuclear staining.  Red arrows indicate TUNEL staining and foci 
indicating DNA damage caused by DNA double strand-breaks, single strand 
breaks, or nicks.  100-200 cells (aged ~25 generations) scored for TUNEL foci 
and then quantified in a graph (right).  The data shown is the mean percentage of 
cells with DNA breaks and the standard deviation was calculated from the mean 
of three independent experiments. 
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Figure 3.6. DNA Lesions that Prevent DNA Polymerase Processivity 
Accumulate during Chronological Aging but do Not Accumulate during 
Replicative Aging.  Multiplex PCR using two sets of primer pairs that are 2095 
bp and 300 bp flanking the CAN1 gene locus. Increasing amounts of DNA 
isolated from chronologically aged cells, day 1 and day 38 (described in Material 
and Methods), titrated into PCR reactions shown by separate lanes.  Samples 
were run on an agarose gel and the DNA stained with SYBR Safe. Densitometry 
(bottom) measures the relative levels of the large PCR fragment relative to the 
smaller 300 bp fragment in the same lane.  The data shown are means 
calculated from by densitometry (2 kb fragment/300 bp fragment) and standard 
deviation taken from the mean of three independent experiments.  (A) DNA 
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(Grzelak et al 2006). Therefore, to measure the accumulation of endogenous 
damage generated during chronological aging (as a control) and replicative aging, 
I used a qPCR assay to detect the accumulation of oxidative and alkylation DNA 
damage and determined the optimal conditional for the amplification of a 2.1-kb 
and 300-bp fragments flanking the CAN1 gene (Figure 3.6). The larger fragment 
was used to detect the formation of DNA lesions, while the smaller fragment was 
used as an internal control.  This assay was used to detect the accumulation of 
bulky lesions or breaks that would prevent PCR amplification leading to reduced 
ratios of long:short PCR fragments.  Increasing amounts of DNA isolated from 
young and old cells was titrated into each PCR reaction. The signal generated 
from the larger PCR fragment was always normalized to the smaller PCR 
fragment signal within the same lane.  My results demonstrated a significant 
decrease in the large PCR fragment in the chronologically aged cells  (day 38) as 
compared to the large fragment in the young cells (day 1) (Figure 3.6).  The 
decrease in the PCR amplification of the chronologically aged cells of the large 
nuclear DNA fragment could be explained by the accumulation of damage that 
blocks DNA polymerase amplification. Using a similar experimental approach, 
the accumulation of bulky adducts that cause nuclear damage have also been 
shown to prevent DNA polymerase amplification in cells treated with MMS 
(Acevedo-Torres et al 2009).  One explanation for there not being a detectable 
difference in the PCR amplification could be that the type of DNA damage 
accumulating during replicative aging is caused by an alternative type of DNA 
damage such as DNA translocations that are not detectable by this assay.  An  
	  

























































































































































Figure 3.7 Ty Retrotransposon Transcripts Are Increased during 
Replicative Aging.  (A) Quantitative reverse transcriptase PCR using RNA 
harvested from 4 x 107 young and old cells.  PCR primers flanking the Ty genes: 
YDR034C (Ty2-1), YDR034C-D (Ty2-1), YDR210C-D (Ty1-2), and YGR161C-D 
(Ty1-3) were used to determine the relative fold change in Ty transcripts during 
aging. Relative transcript levels were normalized to ACT1.  (B) Histogram 
representing the relative fold change of Ty transcript levels induced during aging 
throughout the yeast genome based on a genome-wide RNA-sequencing 
analysis performed in young and old cells. (RNA-sequencing data and 
identification of Ty transcripts by RNA-seq (B) in young and old cells was 
generated by Zheng Hu and published in Hu et al 2014).  
 
	  





















































































Figure 3.8. Aged Cells Have Increased Ty Genomic DNA.  (A) Quantitative 
PCR using equivalent number of cells was used to determine the relative fold 
change of Ty genomic DNA in young and old cells. The genomic regions used: 
YDR034C-D (Ty2-1), YDR210C-D (Ty1-2), and YGR161C-D (Ty1-3).  Relative 
genomic levels normalized to ACT1.  (B) Relative fold change of DNA and 
nucleosomes in old cells based on genome-wide sequencing.  Mitochondrial 
DNA is increased four-fold in old cells, rDNA is increased two-fold, and Ty DNA 
is increased almost one-fold during aging. (Genome-wide sequencing data (B) 
was generated by Zheng Hu and published in Hu et al 2014). 
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alternative explanation could be that the level of DNA damage during replicative 
aging may not be enough to be detected by this method, which would require 
that more than 30% of the cells have a bulky lesion or break within the 2 kb 
fragment.   
Ty Retrotransposon Transcripts Increase during Aging 
Based on an RNA-sequencing analysis performed by a post-doc in our lab, 
we observed Ty retrotransposon encoded genes as being highly induced during 
replicative aging (Hu et al 2014) (Figure 3.7B).  To validate this result, I used 
reverse transcriptase PCR analysis to quantitate the Ty retrotransposon transcript 
levels in old cells as compared to young cells.  The yeast genome has 
approximately 330 retrotransposons insertions within five families that include five 
distinct families Ty1-Ty5.  Among the five families only Ty1, Ty2, and Ty3 can 
actively induce retrotranposition events. I chose four candidate Ty genes from the 
RNA-sequencing list of Ty transcripts as they were the most highly induced and 
consistently found that these Ty transcripts were increased 6 to 8 fold during aging 
(Figure 3.7A).  One explanation for the increase in Ty retrotransposon gene 
expression during aging could be that this occurs as a consequence of the loss of 
histone density from the chromatin during the aging process (Feser et al 2010).  
Normally, the mobility of these Ty elements is repressed by the intrinsic state of 
chromatin.  As one might expect, the loss of histones during aging might cause the 
chromatin structure to take on a more open configuration as compared to the 
closed state of chromatin in young cells, which are able to maintain their normal 
histone density on the DNA.  The loss of histones would lead to increased 
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accessibility of the transcription machinery and increased accessibility to the Ty 
genes. 
Aged Cells Have Increased Ty Genomic DNA 
To validate the genome-wide sequencing data performed by Zheng Hu in 
our lab, which indicated that the Ty DNA was also increased about one to two-
fold during replicative aging (Figure 3.8B), I isolated genomic DNA from equal 
numbers of young and old cells and used quantitative PCR to analyze the Ty 
DNA content during aging.  In agreement with the genome-wide sequencing data, 
my results using quantitative PCR demonstrated that there was almost two times 
more DNA content in the old cells as compared to the young cells (Figure 3.8A). Ty 
elements retrotranspose through an RNA intermediate and reverse transcription 
(Boeke et al 1985).  The increase in Ty DNA that I detected during replicative aging 
most likely came from Ty elements that were transcribed from an RNA template 
and then reverse transcribed to yield Ty cDNAs. The Ty cDNA levels are rate-
limiting for integration into the genome.  Therefore, it is plausible to hypothesize 
that the increase in Ty DNA during replicative aging suggested more 
retrotransposition events might be occurring in old cells as compared to young 
cells.  
Ty Retrotransposon Insertions Are Increased during Aging 
 To map where the Ty retrotransposons were being inserted into the 
genome during aging and with the help of our collaborators, we used genomic  
sequencing and bioinformatic analyses (Chen et al 2009) to identify Ty insertion 
sites with base pair resolution in young and old cells.  Given the increase in Ty 
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genomic DNA (Figure 3.8) detected both by genomic sequencing during aging 
and also by quantitative PCR, I wanted to map the location of the Ty insertions 
during replicative aging using genome wide sequencing.  Using these analyses, 
our results demonstrated that the native Ty retrotransposon insertions due to 
replicative aging were increased approximately four fold (Figure 3.9).  
Additionally, using single-base pair resolution we were able to map the sites of 
Ty1 and Ty2 integration at genomic regions that included telomeres, Ty elements, 
regions flanking autonomously replicating sequences, and within coding genes 
(Figure 3.9).  Normally, Ty genes integrate in a region-specific manner upstream 
of tRNA genes (Eigel & Feldmann 1982).  However, the random integration of Ty 
elements into the genome could be a reflection of the consequences of aging 
due to the loss of histone density during aging.   
Frequency of Ty Retrotransposition Increases during Aging 
 To determine if the frequency of Ty retrotransposition was increased 
during replicative aging, I designed a strain to map retrotransposition events by 
tagging a single retrotransposon with HIS3.  It is reasonable to hypothesize that 
due to the increase in Ty transcription and Ty genomic DNA that the frequency of 
Ty retrotransposition would also be increased.  Therefore, I designed a yeast 
strain in the UCC5181 background that lacked HIS3 and I introduced a cassette 
containing a Ty1 marked with a non-functional HIS3 gene interrupted by an 
artificial intron and integrated this gene at a known genomic location on 
chromosome 3 (Bryk et al 2001) (Figure 3.10A).   A single retrotransposition 
event was detected when the HIS3 marked Ty element was effectively  
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Figure 3.9. Map of Ty Retrotransposition Insertions in the Yeast Genome. 
Illustration of Ty retrotransposon insertions detected from genomic sequencing of 
old cells.  Analysis was performed using bioinformatics and the software 
BreakDancer.  YBLWTy1-1, YBLWTy2-1, YCLWTy2-1 were inserted into UBI4, 
Ty1 (YLR157C-A) are inserted into TEL13L, Ty1-2, TEL15L, and HIS3. 
(Genome-wide sequencing data was generated by Zheng Hu). 
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Ty Retrotransposition  
Frequency 
V  
 hi  s3  
X   
Ty gene marked with HIS3 






Young  2.3 x 10-7 
Old 4.9 x 10-7 
Control 1.8 x 10-7 
 
Figure 3.10. Ty Retrotransposition Is Increased during Replicative Aging. 
(A) Illustration of Ty gene marked with HIS3 marked on chromosome III.  HIS3 
gene is interrupted by an artificial intron (red) that is spliced out upon Ty RNA 
processing. Ty RNA is reverse transcribed into cDNA and randomly reintegrated 
into the yeast genome.  Integration of Ty cDNA renders a functional HIS3 gene. 
(B) Ty retrotransposition frequency measured by HIS colony formation assay 
described in (A). Multiple yeast cultures (yeast strain MCY102) from equivalent 
numbers of young and old cells grown with and without estradiol for 36 hours are 
diluted onto rich medium plates containing yeast peptone dextrose (YPD) and 
synthetic medium plates lacking histidine. Colonies on -HIS indicate at least one 
novel retrotransposition event, while colonies on YPD account for cell viability. 
Strains are derived from UCC5181 and the addition of estradiol ensures daughter 
cells are arrested while mother cells continue to divide.  Ty retrotransposition 




	   108 
 transcribed, reverse transcribed into cDNA, and reintegrated into the genome. 
During mRNA processing, the artificial intron is removed, the Ty gene is reverse 
transcribed into cDNA and then the Ty retrotransposon cassette is integrated 
back into the genome.  Integration of the Ty via retrotransposition yields HIS3 
positive yeast colonies.  Normally, the Ty retrotransposition frequency is very low 
between 10-7 and 10-8 per cell division (Curcio et al 1990).  My results indicated a 
two-fold increase in the frequency of retrotransposition in old cells as compared 
to young cells (Figure 3.10B).  The increased frequency of Ty retrotranspositon 
was consistent with the increase in both Ty transcription and Ty DNA content 
during aging (Figure 3.7 and Figure 3.8). 
Discussion 
DNA damage and genomic instability have been correlated with aging. 
However, no conclusive evidence directly links genomic instability to be a cause 
of aging.  My hypothesis was that the open chromatin structure caused by the 
loss of histones during aging could lead to increased DNA damage.  I wanted to 
investigate genomic instability as a potential cause of aging and identify the 
genomic regions that accumulated more DNA damage.  Given the profound loss 
of histone density that occurs upon aging in both yeast and human fibroblasts 
(Feser et al 2010, O'Sullivan et al 2010, Shah et al 2013), I wanted to determine 
whether the loss in chromatin integrity during aging resulted in more DNA 
damage.  One of the first questions I investigated was whether the DNA damage 
checkpoint was activated during aging.  I observed in old cells via increased 
γH2A foci that the DNA damage checkpoint was activated in old cells as 
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compared to younger cells.   Once I established that indeed older cells 
accumulated more DNA damage than young cells, I wanted to identify whether 
the DNA damage checkpoint was activated due to the shortening of telomeres 
during aging in budding yeast.  Telomeres are known to shorten during the aging 
of human fibroblasts (Harley et al 1990).  Furthermore, it was recently shown that 
telomeric DNA damage triggers persistent activation of the DNA damage 
response (Fumagalli et al 2012).  However, I did not detect a difference in the 
length of telomeres between young and old yeast cells (Figure 3.3), suggesting 
the telomere length during replicative aging in budding yeast remained constant 
during aging.  The constancy of telomere length in older cells indicated that an 
alternative form of DNA damage activated the DNA damage checkpoint.  
Alternative forms of DNA damage that could account for activation of the DNA 
damage checkpoint include double-strand breaks, single-strand breaks, DNA 
translocations, and/or the accumulation of bulky adducts to name a few (Lord & 
Ashworth 2012). 
We found that the DNA damage was localized to the rDNA and the 
mitochondrial DNA (mtDNA) by genome-wide sequencing which led me to 
believe that perhaps this could be the reason for the DNA damage checkpoint 
being activated during aging.  Although the identification of increased γH2A foci 
at the rDNA was novel in these analyses it was not surprising given the repetitive 
nature of the rDNA and the high rate of recombination between the rDNA repeats 
at chromosome XII, which can result in the amplification of deletion of rDNA 
repeats (Kobayashi 2006).  Interestingly, we also found increased γH2A foci 
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within the mtDNA.  A post-doc in our lab has found evidence for elevated 
chromosomal translocations during aging that involve mtDNA translocating into 
the nuclear DNA (Hu et al 2014).  The transfer of mtDNA into the nuclear 
genome has been previously observed during double-strand break repair 
(Ricchetti et al 1999).  It seems plausible to believe that although a majority of 
the DNA damage triggering the checkpoint is likely due to rDNA and mtDNA 
translocations that there are additional types of DNA damage that occur but are 
not being detected as their frequency is lower in comparison to the γH2A 
accumulating at the mtDNA and the rDNA. 
Spontaneous DNA lesions can occur from both intrinsic and extrinsic 
factors (Diderich et al 2011) can arise form lesions due to methylation, oxidation, 
or deamination (Cadet et al 2003).  Using a more localized approach to 
investigate alternative forms of genomic instability, I found additional types of 
DNA damage that accumulated during aging such as double strand breaks, 
single DNA strand breaks, and nicks. The increase in nicks, single, and double-
strand breaks is increased about two and a half to three fold during aging.  It is 
possible that the DNA damage accumulated via these types of DNA damage is 
contributing to the overall activation of the DNA damage checkpoint.  Damage 
that was not detected via γH2A ChIP-seq was easily detected by 
immunofluorescence.  However, I was unable to detect the accumulation of nicks, 
double-strand, single-strand DNA breaks, or bulky-adducts using PCR to amplify 
a 2000 bp genomic fragment in older cells.  It is likely that this particular method 
did not detect the DNA damage because more than 30% of the cells were 
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required to have a bulky lesion or break within the 2 kb fragment.  Although the 
accumulation of DNA damage that inhibits DNA processivity such as bulky 
lesions is increase during chronological aging, this particular type of damage 
does not appear to play a prominent role during replicative aging.  These findings 
are in agreement with the literature, which report replicatively senescent cells as 
accumulating lesions caused by oxidative DNA damage (Grzelak et al 2006). 
 Retrotransposons are normally silenced by repressive chromatin structure.  
However, given the loss of chromatin integrity that results in the loss of histone 
density during aging, one might expect that these retrotransposons would no 
longer be silenced due to the open state of chromatin.  As expected, I observed 
the derepression of Ty retrotransposons along with the loss of histones during 
aging.  The derepression of Ty retrotransposons led to increased Ty transcription 
and increased levels of Ty DNA.  The increased levels of Ty DNA led me to think 
that perhaps there was also more retrotransposition occurring during aging 
permitted by the open chromatin structure.  As predicted, the frequency of Ty 
retrotransposition was also increased.  The insertions of Ty retrotransposons 
themselves are mutagenic as they can disrupt normal gene function by inserting 
into coding genes, providing novel promoters, they can inactivate genes, and 
result in translocations by recombining with Ty elements on either homologous or 
non-homologous chromosomes.  The increase in Ty retrotransposition and Ty 
gene expression extends beyond aging in budding yeast as increased 
expression of Alu retrotransposons in aged human adult stem cells in vitro is also 
caused by changes in chromatin structure (Wang et al 2011).  Similarly, 
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replicatively senescence human cells have increased expression of Alu and 
Line1 retrotransposons correlated with increased retrotransposition caused by 
global changes in chromatin structure (De Cecco et al 2013). 
 Chromatin structure and maintaining chromatin integrity plays an 
important part in the aging process.  It appears that the overall increased DNA 
damage and increased Ty retrotransposition detected during aging may be a 
consequence of the dramatic loss of histones that occurs during replicative aging.  
Thus it would be interesting to find out in future studies whether the 
overexpression of histones during aging would prevent the accumulation of 
genomic instability caused by increased Ty retrotransposon insertions by 
restoring the histone density onto the DNA.   It would also be interesting to 
determine whether the overexpression of histones could better protect the DNA 
from accumulating DNA lesions by restoring the histone density onto DNA and 
preventing any genomic regions from being exposed. 
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CHAPTER IV 
MATERIALS AND METHODS 
Chromatin Dynamics Materials and Methods33 
Western Blot Analysis 
Whole cell lysates where made by boiling cells in Laemmli buffer at 100˚C 
for 5 minutes, followed by centrifugation to pellet cellular debris.  Samples were 
loaded according to equal amounts of DNA (10 µg) onto a 15% SDS-PAGE.  The 
following antibodies and their dilutions were used as follows: 1:500 anti-c-Myc 
(Santa Cruz sc-789), 1:50,000 anti-rabbit HRP (Sigma A-1949), 1:1,000 anti-
histone H3 (Abcam ab1791), 1:500 anti-acetyl histone H4 (Lys 12) (Cell 
Signaling, Boston, MA USA), 1:1,000 anti-FLAG M2 (Sigma F1894), 1:1,000 anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Sigma A-9521), 1:500 
anti-tubulin (Serotech NCMCA785), 1:1,000 anti-acetyl-histone H3 (Lys 56) 
(Millipore-Upstate 07-677), 1:80,000 anti-rat HRP (Sigma A5795), 1:10,000 anti-
mouse HRP (Promega W40213).  Detection kits used were ECL (GE Healthcare 
RPN2106) or ECL Plus (RPN 2132). 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 The Chromatin Dynamics Materials & Methods is modified from our manuscript 
“The conformational flexibility of the C-terminus of histone H4 promotes histone 
octamer and nucleosome stability and yeast viability.” Chavez et al.	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Chromatin Immunoprecipitation (ChIP) Analysis and Quantitative PCR 
1.24  x 108 cells were treated with a final concentration of 1% 
formaldehyde for 20 minutes at room temperature.  Formaldehyde was quenched 
by adding 1 M Glycine to a final concentration of 125 mM.  Cells were centrifuged 
and washed twice with cold TBS (150 mM NaCl, 20 mM Tris HCl pH 7.6).  Cells 
were resuspended in 400 µl lysis buffer containing a protease inhibitor cocktail 
(0.1% DOC, 1 mM EDTA, 50 HEPES pH 7.5, 140 mM NaCl, 1% Triton X-100) 
(Calbiochem/Novagen Cocktail set IV, catalog no. 539136)  and 400 µl of 0.5 mm 
glass washed beads.  Extract was removed from the beads and transferred to a 
new tube.  Glass beads were rinsed once with lysis buffer.  Chromatin was 
sheared with a Branson 350 Sonifier to approximately 500 bp fragments.  Upon 
shearing, the samples were centrifuged to separate the supernatant from the 
pellet.  50 µl of the supernatant with the addition of 30 µl  ChIP elution buffer ( 50 
mM Tris-HCl pH 7.5, 10 mM EDTA, 1% SDS) was added into a new tube and 
used for the input controls.  The remaining sample ~700 µl was used for the 
immunoprecipitation.  Immunoprecipitations using the following antibodies: (1)  
histone H3 antibody (Abcam #ab-1790) using 3 µl per IP recognizes histone H3 
C-terminus, (2) histone H2A antibody (Active Motif #39235) using 4 µl per IP.  
Lysates were incubated with 20 µl Dynabeads Protein A ( Invitrogen catalog no. 
100-02D) overnight at 4˚C.   In place of a centrifugation step, the sample tubes 
were applied to a magnetic stand where the beads collected on one side of the 
microfuge tube and were washed with 1000 µl of the following buffers: 1) wash 
twice with lysis buffer (0.1% DOC, 1 mM EDTA, 50 mM HEPES pH 7.5, 140 mM 
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NaCl, 1% Triton X-100), 2) wash twice with Lysis 500 (0.1% DOC, 1 mM EDTA, 
50 mM HEPES pH 7.5, 500 mM NaCl, 1% Triton X-100), 3) wash once with LiCl 
detergent (0.5% DOC, 1 mM NaCl, 250 mM LiCl, 0.5% NP-40, 10 mM Tris pH 
7.9), 4) wash once with TBS (150 mM NaCl, 20 mM Tris pH 7.5).  80 µl  ChIP 
elution buffer was added to the IP samples and 20 µl of Pronase (20 mg/ml) to 
both IPs and Input control samples.  IP and input samples were incubated in a 
PCR cycler using the following program ( 2 h, 42˚C; 8 h, 65˚C; hold, 4˚C; hold, 
4˚C) to reverse DNA-protein crosslinks and digest proteins.  DNA was purified 
using the MiniElute DNA purification kit from Qiagen (catalog no. 28004). The IP 
and input samples were mixed with a binding buffer and applied to a column 
provided by Qiagen, washed once with Qiagen PE buffer, and the DNA was 
eluted with 30 µl ddH20.  Dilutions for IP and input samples were determined 
empirically, with IP samples diluted 1:10 in ddH20 and input samples diluted 1:30 
in ddH20.  ChIP quantification was performed using real-time PCR using a Roche 
Applied Sciences Cycler 480 and the LightCycler 480 SYBR Green I Master Mix 
kit (Roche catalog no. 04707516001).  Each sample was analyzed in triplicate 
using the following PCR program: 10 minutes denaturation, 95˚C; 10 s, 95˚C; 15 
s, 54˚C; 15 s, 72˚C amplification 50 times, 5 s, 95˚C; 1 minute, 65˚C, increase at 
2.5˚C/s until 97˚C, acquiring data 7 times per ˚C, and finally cooling 4˚C.  
Relative levels of immunoprecipitated DNA were quantified at various genomic 
locations using primer pairs to indicated regions.  Primers used for ChIP qPCR 
experiments are described below.   Standard curves were generated using Input 
DNA dilutions of 1:10, 1:100, 1:1000, and 1:10,000 in ddH20.  Each primer pair 
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was tested with the empirically determined dilutions to give Ct values within the 
linear range and then used for each ChIP sample (IP and Input) analyzed in 
triplicate.  A melting curve analysis for each primer pair indicated a single PCR 
product.  IP samples were normalized to Input samples using the formula     
(1/2IP Ct-Input Ct).  RDN5 F (GCG AAA TGC GAT ACG TAA TGT G); RDN5 R (GGC 
GCA ATG TGC GTT CA) NTS2 F (CGG ATG CGG GCG ATA AT); NTS2 R 
(GCC GAC ATT CTG TCC CAC AT); TEL7L-XC-RTF (TCA GTA CTA AAT GCA 
CCC ACA TCA); TEL7L-XC-RT R (TGG GTA ATG GCA CAG GGT ATA G); 
TEL7L-XR-RT F (AAC CAC CAT CCA TCC ATC TCT CTA CTT); TEL7L-XR-RT 
R (AGA ACA ACA GTA CAG TGA GTA GGA CA); TEL5R-XC-RT F (CCA TGG 
AGT GGA ATG TGA GAG TAG); TEL5R-XC-RT R (TGC CAT ACT CAC CCT 
CAC TTG TT); TEL5 R-XR-RT F (TGG AGT TGG ATA TGG GTA ATT GG); TEL 
5R-XR-RT R (CAT CCA TCC CTC TAC TTC CTA CCA); TEL5R-YP-RT F (CGT 
TTG TTG AAG ACG AAC CAG AT); TEL5R-YP-RT R (TGT AGA CCA TCA CGT 
GGT TTG TT); ACT1-RT-F (TCG TTC CAA TTT ACG CGT GTT); ACT1-RT-R 
(CGG CCA AAT CGA TTC ACA A); HML-α-RT F (TCA ATA TTA TTC GAC CAC 
TCA AGA AAG); HML-α-RT R (CGC TAT CCT GTG AAT TTG GAT TT). 
Chromatin Fractionation Analysis 
 2 x 108 asynchronous cells were harvested and washed with 0.1 M Tris pH 
9.4 10 mM DTT and washed before spheroplasting with Zymolyase 100T at room 
temperature in spherophasting buffer (20 mM HEPES, 1.2 M Sorbitol, .05 mM 
PMSF).  Shperophlasting was determined empirically by monitoring the 
appearance of the cell wall under Nikon E-800 50x objective microscope to 
	  
	   117 
ensure most cells had a disrupted cell wall.  Cells were washed twice in wash 
buffer (20 mM Tris pH 7.5, 22 mM KCl, 1 M Sorbitol, 2 mM EDTA, 0.5 M PMSF, 
1 µM Spermine, 2.5 µM Spermidine) containing protease inhibitors (Roche mini 
complete EDTA free Catalog no. 04693159001), centrifuged, and resuspended in 
250 µl lysis buffer (20 mM Tris pH 7.5, 19.5 mM KCl, 0.4 M Sorbitol, 2 mM EDTA, 
5 µM PMSF, 1% Triton X-100, 1 µM Spermine, 5 µM Spermidine).  Samples 
were incubated on ice with lysis buffer on ice for several minutes to ensure 
spheroplasting was complete.  120 µL sample was removed and resuspended in 
5X SDS Sample Buffer (Total fraction).  The remaining 240 µL sample was 
centrifuged at 4˚C and the supernatant was removed and added to a new tube 
(Soluble fraction).  80 µL 1X SDS Sample Buffer was added to resuspend the 
pellet (Chromatin fraction).  The total, soluble and chromatin fraction samples 
were incubated at 95˚C and for 5 minutes, centrifuged, and then run on a 15% 
SDS-PAGE.  The amount of protein for each sample loaded was normalized to 
the same number of DNA equivalents from each strain fractionated by 
centrifugation to separate the soluble protein fraction from the chromatin bound 
pellet fraction.  Western blot analysis of histone H3 and histone H4 were 
performed as stated above.   
Genomic DNA Isolation 
DNA was isolated as previously described ( Hoffman and Winston, 1987).   
Cell pellets were resuspended in 0.2 mL Buffer A (2% Triton X-100, 1% SDS, 
100 mM NaCl, 10 mM Tris-HCl pH 8.0), 200 µl glass beads, and 0.2 mL 
phenol:chloroform:isoamyl alcohol (25:24:1)) and then vortexed for 5 minutes.  
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The sample was centrifuged for 5 minutes and the top aqueous layer was 
transferred to a new tube.  1 mL 100 % Ethanol was added to the sample and 
centrifuged for several minutes until a small pellet formed on the side of the tube.  
Finally, the pellet was washed with 70 % Ethanol, the excess liquid was removed, 
and the pelleted was resuspended in 200 µL ddH20.  
Micrococcal Nuclease Digestion 
 Cells were grown in either Uracil drop out liquid medium overnight to mid-
log phase (~ 0.8 OD600) and 2 x 108 cells were harvested and fixed in 2 % 
formaldehyde for 30 minutes at room temperature.  Formaldehyde crosslinking 
was stopped by adding 125 mM Glycine to each sample.  The cells were then 
centrifuged to form a cell pellet and immediately frozen in liquid nitrogen before 
being stored at -80˚C.  Cells were spheroplasted in 3 mL Buffer Z (1 M Sorbitol, 
50 mM Tris pH 7.4, .03 M 2-Mercaptoethanol) with 240 µL zymolyase (10 mg/mL) 
for 45 minutes.  After shperoplasting, cells were aliquoted into 0.5 mL into 3 
separate tubes and a genomic prep was done to determine the DNA 
concentration.  All other spheroplasted cells remained on ice while the DNA 
concentration was being determined.  Based on the DNA concentration in wild 
type versus mutant stains, I centrifuged proportional amount of cells so that both 
samples would have equal amounts of DNA digested.  Cells were centrifuged for 
5 minutes at 3700 RPM and the pellet was resuspended in 3 mL NP buffer (1 M 
Sorbitol, 50 mM Tris pH 7.4, 5 mM MgCl2, 1 mM CaCl2, .075% NP40, 1 mM 2-
Mercaptoethanol, 0.5 mM Spermidine).  1 mL cells was digested in NP buffer 
with 100U MNase (50 U/µL) in a 37˚C water bath.  100 µL aliquots were removed 
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and added to tubes containing 20 µL 5x STOP buffer (1.6% SDS, .01 M EDTA) 
and 1 µL Proteinase K (10 mg/ml).  Samples were incubated at 65˚C overnight to 
digest proteins and reverse formaldehyde crosslinks.  
Analysis of Cell Divisions on Cell Plates 
 Asynchronous yeast cultures were grown to log phase in synthetic 
medium containing 2% galactose (Sgal -Ura).  1,000 cells from each strain were 
plated onto minimal medium containing 2% glucose but lacking uracil (SC -Ura).   
A subset of cells were visualized at 0, 4, 8, 16, and 24 hours to determine the 
number of times the cells divided. 
Flow Cytometry 
 1 mL of log phase cells were harvested and fixed with 70% ethanol and 
incubated at room temperature for 1 hour.  Cells were briefly centrifuged, the 
supernatant was removed, and the pellet was resuspended in 90 µL 1X 0.2 M 
Tris-HCl pH 7.5, 20 mM EDTA and 10 µL 10 mg/mL RNase A.  Samples were 
then incubated at 37˚C for 2 hours.  Cells were washed once with 1X PBS and 
the pellet was resuspended in 500 µL propidium iodide ( 50 µg/mL) in PBS) and 
incubated at 4˚C overnight.  Cells were sonicated for 3 seconds.  Samples were 
analyzed using Two Becton Dickinson FACSCalibur flow cytometer (50,000 
cells/second).  
Growth of Viable G94P Mutants on Glucose and 5-FOA 
 Colonies that formed from RMY102 cells transformed with pEMHE81 
plasmids containing WT or mutant histone H4 were selected on Sgal -Ura -Trp.  
Transformants were grown in Sgal -Ura -Trp liquid culture to mid-phase and cells 
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were counted using a hemacytometer.  Cells were plated onto Sgal -Ura -Trp or 
SC -Ura -Trp (glucose) plates.  Cells were grown at 30˚C for 3-5 days until 
colonies could be seen and were then counted.  In parallel, a series of plates 
were also grown onto the Sgal -Ura -Trp or SC -Ura -Trp (glucose) plates and 
then after colony formation, these plates were replica plated onto -Trp 5-FOA 
(0.75 g/L) plates followed by Sgal -Ura -Trp plates and grown at 30˚C for 3-5 
days until colonies were formed. 
Growth Curves and Cell Counting 
 MCYO91, MCY094, MCY097 were grown overnight in Sgal -Ura to mid 
log phase and then diluted to 0.3 OD600 and grown an additional 4 to 5 hours to 
an OD600 of 0.5 to 0.7.  Cultures were diluted a second time to an OD600 of 0.2 
and 2% glucose was added.  The OD600 of each culture was measured every 
hour for ten hours after the glucose shift.  Cells were maintained in a logarithmic 
growth and cell counts were calculated in parallel using a hemacytometer. 
Budding Morphology and DAPI Staining 
 Asynchronous, mid-log phase cultures (MCY091, MCY094, MCY097) 
were grown in Sgal -Ura at 30˚C and then diluted into either Sgal -Ura SC -Ura at 
a density of 0.2 OD600 /mL.  The cells were grown over a period of 8 hours in a 
30˚C incubator.  The cells were constantly grown in log phase and the cells were 
pelleted and replenished with fresh medium as needed to keep the cells at a 
density OD600 < 1.  The cell pellets were washed twice with 1X PBS, fixed with 
70% ethanol, and strained with DAPI.  A Leica DM4000 microscope was used to 
count at least 100 cells and assign budding indices according to the cell cycle 
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phase and number of nuclei visible.  Categories were as follows: (single cell, one 
nuclei; single cell with small bud, one nuclei; two cells of similar size with a single 
nuclei; two cells of similar size with two nuclei). 
Plasmids and Yeast Strains 
Plasmids and strains used are listed in Table 4.1 and Table 2.2, 
respectively.  Yeast grown at 30°C in yeast peptone dextrose (YPD) or synthetic 
medium containing 2% glucose (SC) or 2% galactose (Sgal). 
Site Directed Mutagenesis 
Point mutations were introduced into using Stratagene Quick Change and 
Stratagene Quick Change XL Site-Directed Mutagenesis kit according to the 
manufacturer’s instructions (Agilent Technologies, Santa Clara, CA, USA) 
Construction of Plasmid Borne and Integrated H4G94P and H4G94A Yeast 
Strains 
Site directed mutagenesis was used to mutate H4 G94 in pEMHE81 
(Hyland et al 2005), expressing H3 and H4 under native histone promoter.  
Following sequencing, the mutated H3/H4 plasmids were transformed into 
SNY090 derived from the background strain RMY102 to create SNY091 (G94A), 
SNY092 (G94A), and SNY095 (G94P).  H4 G94A, H4 G94P and WT H4 G94 
histones along with the marker TRP1 were integrated into the yeast genome 
using the plasmids HHTF2-TRP-pRS414-F (TAG AGA CAT CGG ATA TAG ACA 
CTC CAC AAT ACA GCA TTG TCC AGA GCA GAT TGT ACT GAG) and 
HHTF2-TRP-pRS414-R (TGG TTG CCT CTA CAA TGG TAA TAT GTA GAC 
AGT GAT TAC CTT TAC G) from pEMHE81 plasmids.  The PCR products were 
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transformed into the W1588-4C background at the HTT1/HHF2 locus.  The final 
strains created are as follows BKD203 and BKD204 (WT H3/H4), BKD210 (H3/ 
H4G94A), and BKD207 (H3/H4G94P). 
The yeast strain BKD215 was generated by deleting HHT1 and HHF1 in 
W15884a with KAN amplified from pFA6a-kanMX6 using the primers HHFT1-
DEL-F (ATA TTT GCT TGT TGT TAC CGT TTT CTT AGA ATT AGC TAA ACG 
GAT CCC CGG GTT AAT TAA) and HHFT1-DEL-R (ATT GTG TTT TTG TTC 
GTT TTT TAC TAA AAC TGA TGA CAA TGA ATT CGA GCT CGT TTA AAC). 
Crystal Structure Determination 
Hexagonal prism crystals of 150 x 100 x 100 Å formed in 0.2 M Mg 
acetate and 7.14% PEG 3350 2 days at 25°C.  Diffraction data was collected on 
the Molecular Biology Consortium Beamline 4.4.2 (MB-CAT) at the Advance 
Light Source, Lawrence Berkeley National Laboratories.  
Fluorescence Quenching Assay 
Measurements were performed at 20°C in 150 mM KCl, 2 mM MgCl2, 10 
mM Tris–HCl pH 7.5,1% glycerol, 0.05% Brij-35, and 0.5 mM tris(2-
carboxyethyl)phosphine (TCEP).  A decrease in yAsf1*532 fluorescence was 
monitored by titrating unlabeled H3/H4 or H3/ H4G94P into 1 nM yAsf1*532 using a 
Horiba Flurolog-3 spectrometer. 
Co-Immunoprecipitation of Asf1 and Histone H4 Mutants 
Cultures were grown to 1 OD600, harvested by centrifugation, washed, and 
resuspended in phosphate-buffered saline (PBS) with 4.5 mM of the crosslinker 
DSP (Pierce 22585; Pierce, Rockford, IL, USA) dissolved in dimethylsulfoxide.  
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The reactions were quenched within 30 minutes in 20 mM Tris pH 7.5 and 
incubated for 15 minutes at room temperature.  Cell pellets were lysed with glass 
beads in 40 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) 
pH 7.5, 1mM dithiothreitol (DTT), and ethylenediaminetetraacetic acid (EDTA)-
free protease inhibitor cocktail (Roche Indianapolis, IN USA.  Lysates were 
centrifuged at 12, 000 g at 4°C for 10 minutes.  Cleared lysates were 
ultracentrifuged (SW55-Ti Rotor; Beckman) at 149,000 g for 1 h at 4°C.  Protein 
concentration was determined by Bradford.  50 µl of EZ-view Anti-Myc beads 
(Sigma, St. Louis, MO USA) were added to 10 to 15 mg protein and incubated 
overnight at 4°C. Beads were washed four times with lysis buffer containing 0.1% 
NP-40. Proteins were eluted by boiling in 1 × SDS sample buffer. 
Equivalent amounts of eluted sample were loaded onto a 15% SDS-PAGE gel 
and transferred onto a nitrocellulose membrane using 400 mA for 15 minutes.  
Membrane was blocked with Tris-buffered saline/Tween (TBST) +5% bovine 
serum albumin (BSA) for 1 hour and probed overnight at 4°C with a 1:1,000 
dilution of anti-c-Myc antibody (Santa Cruz, sc-789, Santa Cruz Santa Cruz, CA 
USA), 1:1,000 dilution of anti-H3 antibody (Abcam, 1791; Abcam Cambridge, MA 
USA), or a 1:500 dilution of anti-H4K12ac antibody (Upstate, 06-761MN, Upstate 
Billerica, MA, USA). Detection was performed after probing with a 1:5,000 
dilution of anti-rabbit Alexa Fluor 680 (Invitrogen, A21100) by visualizing on an 
Odyssey infrared imaging system (LI-COR Biosciences). 
Electrochemiluminescence (ECL) detection was performed after probing with a 
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1:25,000 anti-rabbit horseradish peroxidase (HRP) (Sigma A-1949) and  
1:80,000 anti-rat HRP (Sigma A5795). 
Electrophoretic Mobility Shift Assay 
Electrophoretic mobility shift assays (EMSA) were performed as 
previously described (Donham et al 2011).  Yeast Asf1 (yAsf1) and H3/H4 or 
H3/H4G94P or H3/H4 Δ94 and DNA were prepared in assembly buffer (10 mM Tris–
HCl, pH 7.5, 0.5 mM TCEP).  Samples were incubated at 20°C for 1 hour.  A 7 % 
polyacrylamide gel (59:1 acrylamide: bis-acrylamide) containing 0.2 x 
Tris/Borate/EDTA (TBE) was run for 60 minutes in 0.2 x TBE at 4°C at 70 V for 2 
to 3 hours at 4°C.  Bands were visualized by SYBR Green I nucleic acid strain 
(Invitrogen) fluorescence and the yAsf1*532 (labeled and unlabeled) Alexa Fluor 
532 signal with Typhoon 9400 Variable mode imager (GE Healthcare).  
Quantification was performed using ImageQuant software. 
Size-exclusion Chromatography 
H4, H4G94P, and H4G94A were prepared using wild-type full-length proteins 
(H2A, H2B, H3, H4) as previously reported (Dyer et al 2004). 
Reconstitution of Nucleosome Core Particles (NCPs) 
Nucleosome core particles (NCPs) prepared by continuous salt dialysis 
(Luger et al 1999) were formed by combining purified histone octamer with DNA 
in a 0.9:10 octamer to DNA ratio, or purified H3/H4 tetramers, H2A/H2B dimers 
and DNA were combined in a 0.9:1.8:1.0 ratio.  H4 Δ94 NCPs were prepared 
similarly.  NCPs were also prepared by microscale reconstitution (Dyer et al 2004) 
by adding H3/H4 tetramers and H2A/H2B dimers to 1 µg of 601 146 bp DNA in a 
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1:2:1 ratio in 2 M NaCl.  10 mM Tris-HCl pH 7.5 was added to a final 
concentration of 200 mM NaCl. 
Nucleosome sliding assays were performed as previously described (Patel 
et al 2011).  12 nM NCP in buffer 1 (20 mM HEPES, pH 7.6, 50 mM KCl, 5 mM 
MgCl2, 5% sucrose, 0.1 mg/ml BSA, and 1 mM DTT) was incubated with Chd1 
protein and 2.5 mM ATP. The reactions were incubated at 25C for 0, 5, 10, and 
120 minutes. The reactions were quenched by the addition of 1 µg of stop DNA 
(supercoiled 5 S rDNA) and an equal amount of stop buffer (buffer 1 + 25 mM 
EDTA), and placed on ice. Reactions were then loaded onto a 7% (59:1 
acrylamide:bis) gel and electrophoresed for 3 h at 70 V on ice. Gels were then 
stained with SYBR green I (Invitrogen) nucleic acid stain, and imaged on a 
Typhoon 9400 variable mode imager (GE Healthcare). Reactions containing 
dACF were performed similarly with some exceptions; 12 nM NCP in buffer 1 
was incubated with 5 nM dACF + 2.5 mM ATP for 30 minutes, after which Chd1 
was added only to the reactions containing both proteins. The reactions were 
incubated at room temperature for 120 minutes then quenched, stained and 
imaged as above. 
Aging Analysis Materials and Methods44 
Mother Enrichment Program and Isolation of Replicatively Aged Cells 
Using some modifications to the original Mother Enrichment Program 
previously described (Lindstrom & Gottschling 2009), old cells were isolated form  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 Some portions of the Aging Analysis Materials & Methods section is modified 
from our manuscript “Nucleosome loss leads to global transcriptional up-
regulation and genomic instability during yeast aging” Hu et al.	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Table 4.1 
	   	  	   	   	  Plasmid Characteristics Source or Reference 




pRS314 CEN6 ARSH4 TRP1 Sikorski & Hieter, 1989 
pRS414 CEN6 ARSH4 TRP1 Sikorski & Hieter, 1989 
pRS316 CEN6 ARSH4 URA3 Sikorski & Hieter, 1989 
pRM102 CEN4 ARS1 p(GAL10)-HHT2 p(GAL1)-HHF2 URA3 
Mann & 
Grunstrein, 1992 
pEMHE81 pRS414 containing HHT2 and HHF2 Hyland, 2005 
pEMHE81 
H4G94P pEMHE81 containing HHT2 and hhf2 G94P This study 
pEMHE81 
H4G94A pEMHE81 containing HHT2 and hhf2 G94A This study 
pRS314-       
Asf1-Myc 
pRS314 containing 13 x C-terminally Myc 
Tagged Asf1 English, 2006 
pST39T60xtal Triple expression vector for Asf1-H3/H4 English, 2006 
pST39T60 
H4G94P pST60xtal containing H4G94P mutation This study 
pET3a H4 T71C Containing histone H4 T71C mutation Park, 2004 
pET3a H4 T71C, 
G94P pET3a H4 T71C containing H4G94P mutation This study 
pET3a H4 T71C containing H4 truncated     
after 94 This study 
pET-60-DEST GST-His6-tag expression vector Invitrogen 
pET-60-yAsf1FL 
Saccharomyces cerevisiae ASF1 inserted 
between the GST tag and the His6 tag coding 
sequences. The Asf1-1 position (pro) was 
changed to (cys) for fluorophore attachment, 
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the strain background and an overnight culture was grown at 30˚C in yeast 
extract peptone dextrose (YEP + 2 % glucose) from a single colony to log phase 
(less than 1 OD600 ).  2 x 107 cells grown in log phase were harvested and 
washed twice with 0.5 mL 1x PBS. Cells were counted using a hemacytometer 
and cell pellets were resuspended in 1 mL 1x PBS.  3 mg Sulfa-NHS-LC-biotin 
(Pierce Chemical, Rockford, IL) was added to the cell pellet in 1 mL 1x PBS.  
Cells were pelleted and then washed three times with YEPD. Cell pellets were 
then resuspended in 1mL YEPD so that the cells were at a concentration of 2 x 
107/mL. A separate flask with 2 L YEPD was inoculated with the biotinylated cells 
and 1 µM estradiol was added to the flask to arrest daughter cells. The cells were 
incubated in a 30˚C shaker at 300 rpm for 30 hours and cell pellets were 
harvested by centrifugation.  The cell pellets were washed twice with 1x PBS and 
resuspended in 1x PBS.  The cell suspension was incubated with streptavidin-
coated magnetic beads (MicroMACS Miltenyi Biotec) for 30 minutes at room 
temperature on a labquake and the cell pellets were then washed twice with 1x 
PBS and then centrifuged for 10 minutes at 400 x g.  The old cells were then 
eluted from the cell suspension using a magnetic column as previously described 
(Lindstrom & Gottschling 2009). The LS column was washed three times with 1x 
PBS prior to the adding the cell suspension.  The cell pellets were resuspended 
in 8 mL 1x PBS and cell suspension was then applied to the LS column. The 
unlabeled cells in the flow-through were discarded and the column was washed 
three times with 1x PBS before the old cells were eluted with 1x PBS.  Young 
cells were isolated in a similar manner. 
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MNase Analysis in Young and Old Cells 
Yeast cultures were grown overnight in Sgal -Ura to mid log phase and 
then diluted to 0.3 OD600 and grown an additional 4 to 5 hours to an OD600 of 0.5 
to 0.7.  Cultures were diluted a second time to an OD600 of 0.2 and 2% glucose 
was added. Log phase cells were harvested 0 and 8.5 hours after the addition of 
glucose and were immediately fixed in 2% formaldehyde for 30 minutes at room 
temperature before fixation was stopped with 125 mM glycine.  Cells were 
spheroplasted with Zymolyase 100T (10 mg/ml) I buffer Z (1 M sorbitol, 50 mM 
Tris pH 7.4, 10 mM  β-mercaptoethanol (β-ME)) for 45 minutes.  Digestion of the 
cell wall was confirmed using light microscopy.  Genomic DNA was isolated from 
three separate aliquots of spheroplasted cells and the average amount of 
genomic DNA was quantified as previously described (Feser et al 2010).  0.8 µg 
DNA was digested with 1 U of MNase (Worthington) in 1 ml of NP buffer (1 M 
sorbitol, 50 mM, 5 mM MgCl2, 5 mM CaCl2, 0.075% NP-40, 1 mM β-ME, 500 
mM spermidine) at 37°C.  Using a variety of timepoints ( 0, 0.5, 1, 2, 3, 5, 10, and 
15 minutes) after the addition of MNase, 100 µl of sample were collected and 
added to STOP buffer (10% SDS, 0.5 M EDTA, 0.1 mg/ml proteinase K). 
Samples were incubated overnight at 65°C. DNA was purified by 
phenol:chloroform extraction followed by EtOH precipitation. DNA recovered from 
each sample was resuspended in TE buffer and analyzed on a 1.2% agarose gel. 
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Isolation of Chronologically Aged Cells 
 Strains were grown overnight in 5 mL YEPD and then diluted the next day 
1:100 into YEPD.  The cultures were grown at 30˚C until the cells reached 
stationary phase, which was confirmed by looking at the budding state of the 
cells under the microscope. Cells were aged at 30˚C for 30 days and the 
genomic DNA was isolated following the manufacture’s instructions for the 
MasterPure Yeast DNA Purification Kit (Epicentre Biotechnologies catalog no. 
MPY80010). 
Southern Blot Analysis of Telomere Length 
Old cells were isolated as described in the Mother Enrichment Program 
and isolation of genomic DNA was as described above using the MasterPure 
Yeast DNA Purification Kit (Epicentre Biotechnologies catalog no. MPY80010), 
followed by digestion of genomic DNA with XhoI overnight.  The DNA was run on 
a 0.8% agarose gel at 50V for 28 hours, the gel was denatured with HCl followed 
by 0.4M NaOH, and then transferred overnight to a nitrocellulose membrane.  
Southern hybridization using a 650 to 700bp randomly labeled P32-dG and P32-
dC originating from the plasmid YRpRW41 (Dionne & Wellinger 1998). (This 
probe was a gift from the Bertuch Lab at BCM) was used to detect any change in 
the length of the bulk telomeric sequences. 
TUNEL Assay 
To detect double strand breaks, single strand breaks, and nicks during 
aging, I used terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling 
(TUNEL) staining to incorporate fluorescent labeled nucleotides at the 3’ end of 
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DNA break sites.  Young and old cells were isolated as described above, the cells 
were fixed with formaldehyde and the cell wall was digested with Zymolyase  (10 
mg/mL).  Next, the cells were fixed to a poly-lysine coated slide and permeabilized 
in 0.1% Triton X-100 and 0.1% sodium citrate followed by 3’ end labeling of 
breaks using the In Situ Cell Detection Kit, Fluorescein (Roche catalog no. 
11684817910) following the manufacture’s instructions.  Finally, the cells were 
imaged under a Nikon E-800 100x objective. 
Immunoblotting  
Equivalent number of young and old cells (2 x 107 cells) was collected for 
Western blot analysis as described above in the MEP section.  Protein samples 
were prepared by TCA precipitation and resolved by SDS-PAGE.  Cells were 
boiled in Laemmli buffer at 100˚C for 5 minutes, followed by centrifugation to 
pellet cellular debris.  Protein samples were loaded onto an 8 % SDS-PAGE.  
Western blotting using monoclonal antibodies against Rad53 and phosphorylated 
Rad53 (EL7) were used at a 1:40 dilution.  The following antibodies were also 
used: 1:10,000 anti-mouse HRP (Promega W40213); 1:40,000 anti-rat HRP 
(Sigma A5795); 1:1,000 Rat anti-tubulin (AbD Sero Tec catalog no. MCA78G).  
ProLong Gold Antifade reagent with DAPI (Life Technologies catalog no. 
P36931). 
Immunofluoresence of Endogenous DNA Damage 
 Young and old cells were isolated as described in the MEP section.  Cells 
were washed twice with 0.1 M KHPO4 pH 6.5 and once with 1.2 M sorbital in 0.1 
M KHPO4 as previously described (Kilmartin & Adams 1984).  The cells were 
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then spheroplasted in 1.2 M sorbital in 0.1 M KHPO4 with 50 µl of 10 mg/mL 
Zymolyase (100T) for 45 to 60 minutes.  Spheroplasting was confirmed visually 
under the microscope. Spheroplasts were harvested and washed once with 1.2 
M sorbital in 0.1 M KHPO4 and applied to a microscope slide.  20 µl spheroplast 
suspension was added to each polylysine-coated slide and incubated for 20 
minutes.  The slides were incubated in -20˚C Methanol for 6 minutes followed by 
-20˚C Acetone for 30 seconds to fix the cells to the slide.  The following 
antibodies were used: 1:10,000 anti-phospho H2A S129 (abcam 15083-100); 
1:1,000 anti-rabbit IgG (H+L) Alexa flour 680 (Invitrogen A21109).   
RNA Extraction Analysis of Ty Retrotransposon Transcription 
4 x 107 cells were collected from young and old cells in triplicate as 
described above and cell pellets were frozen in liquid nitrogen and stored at -
80˚C.  The total RNA was isolated using the MasterPure Yeast RNA Isolation Kit 
(Epicentre Biotechnologies catalog no. MPY03100) following the manufacture’s 
instructions, which included the DNAse I step.  The RNA concentration was 
measured using a NanoDrop to measure the 260 nm/ 280 nm wavelength ratio 
as well as the 260 nm/ 230 nm ratio for nucleic acid purity.  cDNA was generated 
from the isolated RNA using oligo-dT primers and the Transcriptor Frist Strand 
cDNA Synthesis Kit (Roche catalog no. 04379012001) according to kit 
instructions.  Real-time analysis of cDNA was performed using a Roche Applied 
Sciences LightCycler 480 with the LightCycler 480 SYBR Green I Master Mix 
(Roche catalog no. 04887352001) according to the manufacture’s instructions.  
The young and old cDNA samples were diluted 1:4, respectively to give PCR 
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templates within the linear range of the standard curve generated by performing 
a five-fold serial dilution.  Each sample was analyzed in triplicate using the 
following PCR program: 10 minutes denaturation, 95˚C; 10 s, 95˚C; 15 s, 54˚C; 
15 s, 72˚C amplification 50 times, 5 s, 95˚C; 1 minute, 65˚C, increase at 2.5˚C/s 
until 97˚C, acquiring data 7 times per ˚C, and finally cooling 4˚C. The fold change 
was determined using the following equation 2(ACT-Ty1). A melting curve analysis 
for each primer pair indicated a single PCR product.  The primers used for this 
analysis are as follows: 
ACT1 Fwd (GTG ATG GTG TTA CTC ACG TC); ACT1 Rev (GTA GTC AGT 
CAA ATC TCT ACC GGC); YDR034C Fwd (Ty2-1) (TGT CCC AGG TGT TGT 
CTC TTG TTG); YDR034C Rev (TCA AGA TCC GTT AGC CGT TTC AGC); 
YDR034C-D Fwd (Ty2-1) (TCT TCG ATC TTG GTG GTT CCA GAC); 
YDR034C-D Rev (CGT CAG ACT AAT TCC AGT TTG GGT GG); YDR210C-D 
Fwd (Ty 1-2) (TAG CAC TAG ACC AGT CGA CAT CTG); YDR210C-D Rev 
(CCG TAC CCA CCA TCA ATA ATG TCC); YGR161C-D Fwd (Ty 1-3) (TCC 
CAA CTA TAC GAT GGA CGG TAG); YGR161C-D Rev (CTG TGA ACA AAT 
CTT CCA GGC GAG). 
Quantitative Analysis of Ty Retrotransposon DNA 
Genomic DNA was isolated from an equivalent number  (4 x 107 cells) 
young and old cells in triplicate as described earlier and then subjected to Real-
time analysis using the Roche Applied Sciences LightCycler 480 with the 
LightCycler 480 SYBR Green I Master Mix.  The young and old cDNA samples 
were diluted 1:4, respectively to give PCR templates within the linear range of the 
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standard curve generated by performing a five-fold serial dilution.  The samples 
were analyzed with the same PCR conditions described in the transcription 
analysis on Ty retrotransposons using the same primers listed above. 
ChIP-sequencing Analysis of DNA Damage 
ChIP analysis was performed as described earlier in the methods section.  
The anti-phospho H2A S129 ChIP grade (catalog no. 15083-100) and was used 
to immunprecipitate damaged DNA fragments from 2 x 108 young and old cells 
using paired-end sequencing with the Illumina HiSeq2000 system (Hu et. al. 
manuscript accepted). 
HIS3 Frequency Analysis 
Ty retrotransposon frequency during aging was determined by using a 
colony formation assay by plating 4 x107 cells onto medium lacking histidine and 
measuring the viability of the cells on rich YEPD medium. MCY102 was used for 
all frequency analyses and was generated from the yeast background UCC581 
with a cassette integrated on chromosome III containing a Ty1 gene marked with 
a HIS3 gene interrupted by an artificial intron (Bryk et al 2001).  The strain 
MCY102 was generated by first digesting the URA3 integrating plasmid, 
pBJC573 with the restriction enzyme PacI to linearize and introduce a functional 
Ty1 element containing the his3IAI (artificial intron) gene.  The linearized plasmid 
was then transformed into UCC5181 and integrated to a known site upstream of 
the HIS4 gene (Bryk et al 2001).  The Ty1his3-AI gene is an indicator of Ty1 
movement that is monitored by the formation of His+ colonies.  The formation of 
His+ colonies are indicative of de novo retrotransposition events that occur 
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throughout the yeast genome.  Multiple flasks containing 2 L YEPD were 
inoculated with equivalent numbers of log phase cells (2 x 107 cells) from the 
strain MCY102, inclusing 1 µM β-Estradiol incubated at 30˚C for 30 hours.  In 
parallel flasks without β-Estradiol were kept growing for 30 hours in log phase as 
a control to measure the normal frequency of retrotransposition in a mixed 
population of asynchronous cells.  After 30 hours, dilutions of 1:1000 and 
1:100000 were plated onto YPD to account for viability of cells grown with and 
without β-Estradiol, respectively.  The remaining medium was concentrated and 
then plated onto medium in which lacked histidine (- HIS).  The frequency of 
retrotransposition measured by the formation of colonies on - HIS medium was 
determined by dividing the number of His positive colonies that formed on the - 
HIS plate by the total number of cells plated.  The total number of cells plated is 
determined by the mL of medium plated onto - HIS plates multiplied by the 
number of Cells/mL.  The Cells/mL, mL plated onto – HIS, total cells plated, and 
the frequency of retrotransposition was determined for each of the flasks grown 
in parallel and the average frequency for each subset of parallel flasks was 
generated.  The experiment was done in triplicate and an average frequency of 
retrotransposition was reported. 
PCR Assay to Detect DNA Damage 
 To semi-quantitatively measure the accumulation of DNA damage that 
accumulates during chronological aging and replicative aging due to lesions 
caused by oxidative and alkylation DNA damage that prevent DNA polymerase 
from amplifying DNA.  I used a PCR assay to compare band intensities 
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generated from a 2.1 kb fragment and a 129 bp fragment flanking the COX1 
gene for chronologically aged cells and PFK2 gene in replicatively aged cells.  
The 129 bp fragment was used as an internal control.  Increasing amounts of 
DNA isolated from young and old cells was titrated into separate PCR reaction 
tubes.  The PCR Program used for both the large and small PCR samples was: 
{95˚C 1 min; 55˚C 1 min; 72˚C 10 min.; amplification 25 times; 72˚C 10 min.   
Samples were run on a 2% agarose gel and stained with SYBR safe (Life 
Technologies catalog no. S33102) for 30 minutes. The signal generated from the 
larger fragment was normalized to the smaller fragment titrated with equivalent 
amounts of DNA.  The densitometry was analyzed using the AlphaView Software 
Version 3.4.0 (Protein Simple).  
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CHAPTER V 
SUMMARY AND FUTURE DIRECTIONS 
An important aspect of aging research is determining the types of damage 
that contribute to aging and age-related disease.  It is accepted that aging is due 
to the accumulation of DNA damage caused by DNA double-strand breaks, 
single-strand breaks, nicks, and translocations.  However, the types of DNA 
damage had not been fully explored or identified until now.  Currently, there are 
two models in budding yeast to study aging of mitotic and post-mitotic cells 
referred to as replicative aging and chronological aging, respectively.  Questions 
that remain to be answered using yeast as a model to study replicative aging are 
at what point do older cells begin to accumulate enough DNA damage to trigger 
the DNA damage response and enter a senescent state?  
Although many mechanisms may contribute to aging, it is not 
unreasonable to hypothesize the important role chromatin structure plays in 
regulating the accessibility of chromatin to intrinsic and extrinsic damaging 
agents.  The loss of nucleosome density from the DNA and decreased 
expression in histones results in the loss of chromatin integrity (Feser et al 2010), 
which leaves the DNA in a more open conformational state.  The profound loss of 
histones from the DNA was identified as a mechanism of aging when it was 
discovered that the overexpression of histones extended the lifespan of older 
mother cells (Feser et al 2010).   
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 My hypothesis was that the loss of chromatin structure during aging leads 
to a threshold of genomic instability and/or activation of the DNA damage 
checkpoint that serves to prevent further cell divisions.  The main objective of my 
aging project was to show genomic instability accompanying aging.  Additionally, 
my goal was to identify the type of genomic instabilities prevalent during 
replicative aging as this aspect of the aging field has yet to be fully addressed.   
The primary objectives were to identify whether older cells accumulate any type 
of detectable genomic instabilities during aging.  My second objective was to 
identify the types of genomic instabilities that may contribute to aging.   
I investigated whether the DNA damage checkpoint was activated during 
aging and identified increased γ-H2A during aging.   In collaboration with others  
in my lab, we identified by ChIP-seq that a majority of the γ-H2A accumulated at 
sites of mitochondrial DNA and ribosomal DNA. Interestingly, a post-doc in our 
lab found replicatively aged cells have increased chromosomal translocations 
and mitochondrial translocations into the nuclear genome that originated from the 
rDNA and mtDNA.  These results combined suggested that most of the γ-H2A 
detected at the rDNA and mtDNA by ChIP-seq was likely due to DNA 
translocations.  In addition to translocations, I found double-strand breaks, single-
strand breaks, and nicks to increase during aging.  However, alternative forms of 
DNA damages that were not translocations were not as prevalent during aging 
and were not detectable by ChIP-sequencing due to their low frequency.  
 Now that I have confirmed the DNA damage checkpoint as being activated 
in old cells, I would like to investigate at which point during the replicative lifespan 
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of a yeast cell the DNA damage checkpoint becomes activated before it loses its 
ability to divide or enters a senescent state.  It is important to remember that 
yeast cells divide a finite number of times and that their median lifespan is 
around 22 cell divisions.  One way to simultaneously measure the number of 
replicative cell divisions and monitor that the DNA damage checkpoint is 
activated in a single cell is to fluorescently tag a protein like Ddc2.  Ddc2 is an 
important protein in the DNA checkpoint repair pathway and physically interacts 
with the sensor protein Mec1 upon DNA replication stress (Paciotti et al 2000, 
Rouse & Jackson 2000). Following the activation of Ddc2 in old cells, I would 
monitor the number of times a mother cell divides using a microfluidic platform 
(Lee et al 2012) to effectively trap mother cells and remove daughter cells using 
live imaging before Ddc2 becomes activated. Similar to Mec1, the checkpoint 
kinase responsible for γ-H2A, Ddc2 is one of the initial DNA damaging sensor 
proteins.  Furthermore, it has been shown that Ddc2 recruitment is facilitated by 
Mec1 and is abrogated in a mec1 mutant (Melo et al 2001).  I would expect to 
detect activation of Ddc2 if the threshold of DNA damage in the mother cell 
exceeds the level of background fluorescence. I predict that in the absence of 
DNA damage that the Ddc2 localization will be diffusely nuclear, while old cells 
will exhibit at least one or multiple Ddc2 foci during aging due to increased DNA 
damage.  A positive and negative control for Ddc2 foci formation would be to 
treat cells with and without damage such a MMS to detect activation of Ddc2.  
 Due to the global loss of histone density during aging (Feser et al 2010), I 
would also like to test whether the overexpression of histones during aging 
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decreases the accumulation of DNA damage during aging.  My hypothesis is that 
the loss of histone density during aging makes the chromatin of older cells more 
susceptible to accumulating DNA damage due to the derepression of chromatin 
(Figure 5.1).  Previous studies in our lab have shown that the overexpression of 
histones during aging can extend yeast lifefspan by partially restoring the histone 
density onto DNA (Feser et al 2010).  Therefore, I predict that overexpressing 
histones during aging will result in less γ-H2A accumulating at regions such as 
the rDNA by reducing rDNA instability through the partial restoration of histone 
density onto DNA. 
Furthermore, my results showed that Ty retrotransposons, which are 
normally silenced by chromatin, are highly transcribed and insert at non-specific 
genomic regions during aging.  I predict that by overexpressing histones during 
aging, I will detect less Ty retrotransposon transcription and Ty retrotransposition 
events in older cells.  The overexpression of histones should decrease the levels 
of genomic instability by reducing mutagenic events during aging such as Ty 
insertions and Ty recombinations. 
Upon discovering that the DNA damage checkpoint was activated during 
aging I wanted to find out where the damage was localized.  Interestingly, we 
identified the DNA damage measured by the accumulation of γ-H2A to be highly 
enriched at the rDNA locus during aging.  The rDNA locus is located on 
chromosome XII and contains more than 100 tandem repeats.  The rDNA locus 
is a known site of instability during aging and undergoes recombination between  
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rDNA repeats.  As a consequence of recombination between rDNA repeats,  
episomes known as ERCs form.  Although ERCs are specific to yeast, evidence 
of extrachromosomal circular DNA generated from the rDNA is also found in 
plants, drosophila, and mammalian cells (Cohen & Segal 2009, Degroote et al 
1989, Kraszewska et al 1985). 
One question that has yet to be addressed in the aging field regarding 
ERCs is: How is asymmetric segregation of ERCs achieved and inherited by 
mother cells but not inherited by daughter cells?  Asymmetric cell division is one 
of the hallmarks of replicative aging and important to cellular differentiation and 
cell renewal (Knoblich 2008).  It was recently observed that “unhealthy” or 
oxidized mitochondria are asymmetrically inherited by the mother cells and 
prevented from being passed onto the daughter bud via retrograde movement of 
actin cables (RACF) in Sir2-dependent manner (Higuchi et al 2013).  RACF was 
shown to act as a filter to prevent unhealthy/oxidized mitochondria from being 
transferred into the bud.  Increasing the RACF was shown to aid in the filtering of 
unfit mitochondria, while slowing RACF had the opposite effect causing more 
unfit and oxidized mitochondria to escape the mother cell into the bud.  The 
same group found that deletion mutants of the myosin I gene MYO1 resulted in 
decreased velocity of RACF while deletion of TMP2, a gene encoding 
tropomyosin, regulates RACF via Myo-actin protein interactions had increased 
velocity of RACF.  Tpm2 and myosin work as antagonists in retrograde actin flow.  
Tmp2p negatively regulates RACF by inhibiting myosin from binding actin cables, 
while myosin localizes at the bud neck and interacts with the actin contractile ring 
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(Huckaba et al 2006).   myo1Δ resulted in increased oxidized mitochondrial  
movement from the mother cell to the bud, while the tmp2Δ resulted in increased 
reduced mitochondrial movement from mother to bud.   To better understand 
how the asymmetric segregation of ERCs is achieved, I would delete myo1 and 
tmp1 and then use the mother enrichment program to age the strains and 
measure the formation of ERCs in these mutants to determine whether 
retrograde actin flow has any affect on the overall levels of ERC accumulation in 
mother cells.  My prediction is that in tmp2Δ mutants, mother cells would 
accumulate more ERCs than wild-type cells due to the increase in retrograde 
actin flow (Figure 5.2).  My prediction is that old mother cells with the myo1Δ 
would accumulate fewer ERCs due to the decrease in RACF, suggesting more 
ERC accumulation in daughter cells.  Using these mutants I believe that I will 
gain further insight into the mechanism by which ERCs accumulate in mother 
cells and not in daughter cells during replicative aging.  
In addition to the asymmetric accumulation of ERCs in mother cells during 
aging, it would be interesting to determine whether the asymmetry of oxidatively 
damaged proteins depend on the retrograde response as a means of retaining 
the damaged proteins in mother cells and preventing the transfer of these 
damaged proteins to daughters.  The asymmetric inheritance of oxidatvely 
damaged proteins occurs in a Sir2 dependent manner (Aguilaniu et al 2003).  
Mother cells that lack the silent information regulator, Sir2 protein fail to retain 
oxidatively damaged proteins.  Deletion of SIR2 was shown to decrease the 
retrograde actin flow and increased oxidized mitochondrial movement from the 
	  












Figure 5.2 Model for the Asymmetric Accumulation of ERCs During 
Replicative Aging.  MYO2 and TMP2 are genes that regulate retrograde actin 
flow (RACF). myo1Δ results in increased velocity of RACF, while tmp2Δ results 
in a decrease In RACF.  The prediction is that mother cells would accumulate 
fewer ERCs in old cells with myo1Δ due to an increase in RACF, while a tmp2Δ 
would result in the accumulation of ERCs in mother cells due to the decrease in 
RACF. 
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mother cell to the bud (Higuchi et al 2013).  Because the inheritance of 
oxidatively damaged proteins appears to occur via a Sir2 dependent pathway it 
would be interesting use the tmp2Δ and myo1Δ mutants and then map the 
movement of the oxidatively damaged proteins to determine whether the 
asymmetry of these damaged proteins occurs via the same mechanism as the 
asymmetric inheritance of mitochondria in old mother cells.  
 In conclusion, my results on aging revealed a novel finding that indicates 
for the first time that replicatively aged cells have increased genomic instability 
that is caused in part by the loss of histone density during aging.  My results 
showed that the DNA damage checkpoint was activated and that the activation of 
the checkpoint was in part due to the accumulation of H2A phosphorylation 
(γH2A) primarily at the rDNA locus and within the mitochondrial DNA.  One of the 
most novel findings from this research came from the discovery that Ty 
retrotransposons, a source of genomic instability due to Ty recombination and 
integration into the nuclear DNA was increased during aging.  Although the types 
of damage had not previously been addressed, these findings suggest that 
damaged caused by instability at the rDNA locus, instability caused by increased 
Ty retrotransposition could indeed be a cause of replicative aging in budding 
yeast.   Ty retrotransposition has been shown to be associated with genome 
instability during chronological aging (Maxwell et al 2011), but these results show 
that increased Ty retrotransposition during replicative aging is a contributing 
factor to genomic instability and the aging process.  
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 Chromatin assembly involves a highly orchestrated process that involves 
histone chaperones binding and shuttling newly synthesized histones into the 
nucleus and coordinating the deposition of histones onto DNA with the 
assistance of ATP-dependent chromatin remodelers.  Asf1 is an important H3-H4 
histone chaperone that mediates chromatin assembly during DNA replication, 
transcription, and repair.  My project was focused on investigating a critical 
residue in the C-terminal tail of histone H4, glycine 94, which makes direct 
contacts with Asf1, causing the H4 C-terminal tail to undergo a profound 
structural change that extends 180° in the opposite orientation of the contacts it 
normally makes within the context of the nucleosome (English et al 2006).  Given 
the dramatic conformational change, I wanted to investigate the functional 
consequences of this structural change, so I mutated a critical residue, glycine 94 
(G94) to a proline residue within the H4 C-terminal tail to restrict the 
conformational flexibility, and I analyzed the effects of this mutation both in vitro 
and in vivo using Saccharomyces cerevisiae.  My hypothesis was that that the 
flexibility of the H4 C-terminal tail may promote downstream interactions that 
could affect the release of histones to chaperones or to the DNA during 
chromatin assembly.  Currently, very little is known about the sequential 
mechanism by which histones H3-H4 are passed from one histone chaperone to 
another before being deposited onto DNA.  
To further investigate why the global levels of histones H3 are decreased 
in H4 G94P mutants, I would like to determine whether the histones in H4 G94P 
mutants are being degraded in a Rad53 kinase dependent manner (Figure 5.3).  
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It is possible that if the H4 G94P mutation prevents chromatin assembly in vivo 
when it is integrated as the only copy of histones in the genome that it could lead 
to an increase in free histones H3-H4 dimers that are degraded by a Rad-53 
dependent mechanism (Singh et al 2009a, Singh et al 2009b).  Therefore to test 
this, I would co-immunoprecipitate histone H3 from wild-type and H4 G94P 
mutants and then western blot for the kinase Rad53.  I predict that the H3 in H4 
G94P mutants will bind to Rad53 while wild-type H3 will not.  Upon determining 
whether Rad53 binds to histones in H4 G94P mutants, I would then use an 
antibody to detect the ubiquitylation of histones H3 and histones H4 (Singh et al 
2009a). 
To further investigate whether additional histone chaperones that bind to 
histone H3-H4 dimers also bind to more or fewer histones in H4 G94P mutants, I 
would like to Western blot for histone chaperones both upsteam and downstream 
of Asf1.   My previous results showed that cells with the H4 G94P mutation 
accumulate more Asf1 than wild-type histone H3/H4 dimers in vivo.  These 
results suggested that more histones H3/H4 G94P were accumulating on Asf1.  
However, when we (JS and MC) measured the binding affinity of Asf1-H3/H4G94P 
in vitro, there was not a significant difference to the binding affinity of Asf1-H3/H4.  
An alternative possibility could be that more H3 and H4 are accumulating in the 
H4 G94P mutant due to the inability of Asf1 to “hand-off” the H3/H4 dimers to a 
downstream histone chaperone like CAF-1 and Rtt106.  Alternatively, histones 
accumulating in H4 G94P mutants could also be due to the inability of histone 
chaperones like Hif1, which is upstream of Asf1, from efficiently feeding histones 
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into the chromatin assembly pathway.  If for some reason histones in the H4 
G94P mutant bind to the histone chaperone Hif1 with a weaker affinity in vivo, 
than Hif1 bound to wild-type H3-H4, then I would expect more histones to 
accumulate on Asf1.  
To investigate whether the H4 G94P mutant affects the ability of histone 
H3-H4 dimers to bind the histone chaperones CAF-1 and Rtt106, I would perform 
a co-immunoprecipitation of histones in both wild-type and H4 G94P mutants and 
then Western blot for the histone chaperones CAF-1 and Rtt106.  In yeast, the 
histone chaperones CAF-1 and Rtt106 receive newly synthesized histones from 
Asf1.  As aforementioned Asf1 is not sufficient to assemble nucleosomes onto 
DNA, instead the Asf1-CAF-1 complex cooperates to assemble two copies of 
H3/H4 during DNA replication and repair (Mello et al 2002, Tyler et al 1999).  I 
predict if more histones are accumulating on Asf1 in the H4 G94P mutant then I 
expect to detect fewer histones bound to CAF-1 and Rtt106.  The reason I 
predict to detect fewer histones bound to CAF-1 and Rtt106 in H4 G94P mutants 
could be due to the accumulation of histones H3/H4 G94P dimers on Asf1, which 
cannot effectively be donated to histone chaperones downstream of Asf1.  
Alternatively, I predict to detect lower levels of histones bound to CAF-1 and 
Rtt016 due to the decreased levels of histone H3 acetylation on lysine 56 found 
in H4 G94P mutants.  H3 K56ac enhances the binding affinity of CAF-1 for H3-
H4 dimers (Li et al 2008, Winkler et al 2012). 
 
	  


















































Figure 5.3 Model for the Degradation of Histone H3/H4 G94P Dimers in a 
Rad53 Kinase Dependent Manner.  H4 G94P histones may form unstable 
NCPs on DNA that result in an excess of free histone H3/H4 G94P dimers.  
H3/H4 G94P dimers are first phosphorylated by the Rad53 kinase on the amino 
acid residue Tyrosine 99 of Histone H3. Histone H3/H4 G94P dimers are then 
poly-ubiquitylated by an E2 ubiquitin ligase that marks excess histones for 
degradation by the proteosome.  
 
 
I found that altering the conformational flexibility of the C-terminal tail of 
histone H4 has severe consequences when histone H4 G94 is substituted for a 
proline.  The most severe consequences of these included reduced viability when  
H4 G94P was the only copy of hhf2 in the genome.  Furthermore, I found that 
although these mutants had reduced viability, nucleosome formation was not 
altered in vivo.  However, histone octamer stability and nucleosome sliding ability 
were altered in vitro.  Through these studies I was able to identify the importance 
of the glycine 94 residue in the conformational flexibility of the H4 C-terminal tail.  
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